
AD-A283 509

ARMY RESEARCH LABORATORY

METHODS OF MODELING RADIANT ENERGY
EXCHANGE IN RADIATION FOG AND CLOUDS

John M. Davis
2413 Cedarwood Drive
Fort Collins, CO 80526',

Ž•U 8 19941 g

Under Contract DAAL03-91-C-0034
Contract Monitor Robert A. Sutherland

ARL-CR-103 June 1994

94-25947

Approved for public release; distribution is unlimited.

a i i i I4



NOTICES

Disclaimers

The findings in this report are not to be construed as an official
Department of the Army position, unless so designated by other
authorized documents.

The citation of trade names and names of manufacturers in this
report is not to be construed as official Government indorsement or
approval of commercial prod-v'ta nr servic4- refereried herein.

Destruction Notice

When this document is no longer needed, destroy it by any method
that will prevent disclosure of its contents or reconstruction of
the document.

"" ~ ~~~~~ OtL I III



REPORT DOCUMENTATION PAGE o .0oU
P•Ng€ mleet~a bqp•.e fm thai (,@iIIetlk .4fOf fnllrtaOm 9ttetW tIo•SP•a e t hOW per rLte•,ntC t~adkling th• tenw tor 'r v•'*'rg ,m•ix1Ioel,, bw•hmn eItIttt4 date ,.wc.
cO, WdaeS @4 OafOvaetil~a antka~f tgsyggeetI 'o' qtdr~c�i~ Utr, bqf'0e•.l hto WnI•,i~?~ H01ra vPtA a ellr . DS t lotwe r C' orfro' n Opa o 01 fly IB. 01 ol OfIptisV

aiDY It gl~ay. tuite 09.1. 101,01 &. O4) .a d.d to t' OflCce AA M.-oltemlt ang 6,4oc1. Iapcrwcpk rwrdctole' Nepe (0704.01148). W.V•tl•0in , DC ?500).

1. AGENCY USE ONLY (Laeb~k 2. REPORT DATE 3. REPORT TYPE AND) DATES COVERED
June 1994 Final, June 92 - March 93

4. TitLE Am SUsTIT•. & FUNDING NUNMPS
Methods of Modeling Radiant Energy Exchange in Radiation

Fog and Clouds DAADL03-91-C-0034

6. AUTHORCS)
John M. Davis
Robert A. Sutherland contract monitor*

7. PERFOIG ORGANIZATION NAM:(S )AND ADDRESS(S) . PERI')ORMING ORGANIZATIO
REPORT NUMBERJohn M. Davis

2413 Cedarwood Dr. ARL-CR-103
Fort Collins, CO 80526

*US Army Research Laboratory, WSMR, NM 88002-5501

D. SPONSORING/MOVITORING AGENCY NAMI(S) AND ADDR[SS(ES) 10. SPO/INSOmtN6/ IMONIT)1F

U.S. Army Research Office AGENCY REPORT WUMBER

PO Box 12211
Research Triangle Park, NC 27709 TCN 92341

11. SUPPLEMENTARY NOTE&

Task was performed under a Scientific Service Agreement issued by Battelle,
Research Triangle Park Office, Research Triangle Park, NC 27709

13a. o•r9UOUTION IAVAILABILITY STATEMENT 12b. DISTISUTION CODE

Approved for public release; distribution is unlimited.

13. ASTRCT (Afimum ,,, wof); I nis report aescnoes severa, types oi paMmeierzaons comltumly

used in cloud and fog models to calculate the effects of radiant energy exchange in both the
infrared and solar portions of the spectrum. The types of parameterizations used in several
models of radiation fog have been summarized in the main text and detailed in the appe.ndix,
along with a few summaries of supporting studies. In general, the treatment of radiant exchange
includes spectral resolution at the level of band models, whether band models are used explicitly
or whether the radiation stream has been divided using "a sum of exponentials" approach. All
of the studies use a plane parallel approximation in one form or another and all assume spherical
particles for droplets and aerosols. The more sophisticated studies use a delta-two stream
approach to account for the effects of multiple scattering. A few of the models include a
prognostic equation that links the change in the microphysical distribution with the radiation
field. The more advanced models also include a carefully designed surface flux exchange
model. The strengths and deficiencies of the approaches are discussed and recommendations of
a proper radiative parameterization are listed.

W,. .... TURf A
raiatrion tog models, radiation parameterizations, radiation 91
models "T PCE CODE

17. SUIQ1TY CLASSIFICATION I IS SECURITY CLASSIFICATION t9. SECURITY CLASSIFICATION 20. IMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified unclassified unclassified SAR

NSN 7S40-01-20-S500 Standard Forn 295 (Rev. 2-S9)
"t-w¶ ee bo ANU Sod Itt,.ig
M_ lop



Table of Contents

1.0 Introduction ............................................ 1

2.0 Overview of the requirements ................................. 2

2.1 A qualitative description .................................... 2

2.2 The structure of the fog model ................................ 3

2.3 The nature of the radiative fluxes ............................... 4

3.0 Approximations and parameterizations ............................ 7

3.1 In the infrared .......................................... 8

3.2 In the solar region ....................................... 14

3.3 Some remarks about the parameterizations ........................... 21

4.0 The evaluation of parameterizations used in radiation fog
m odels ............................................ 22

4.1 Listing of models reviewed ................................. 22

4.2 Completeness of the parameterizations ........................... 23

4.3 Aspects and limitations of radiative treatment common to all
m odels ............................................ 25

4.4 Inclusion of the effects of solar radiation ............................ 26

4.5 Treatment of radiation in the infrared .............................. 28

4.6 Treatment of processes related to radiation exchange .................... 30

4.7 Summary of major modeling efforts ............................... 31

5.0 Recommendations for naturally occurring and for multi-component fog modeling . 41

5.1 The role of horizontal non-homogzncity ............................. 41

5.2 The need for modeling of the role of surface vegetation .................. 42

iii



5.3 The multi-component fog scenario ................................ 42

6.0 Sum mary ............................................ 44

Acknowledgement .......................................... 44

References .............................................. 45

APPENDIX .............................................. 52

A .l.0 Introduction ......................................... 52

A.2.0 Cloud Topped Mixed Layer Models ........................... 52

A.2.1 Lilly (1968) and Schubert (1977) ............................... 52

A.2.2 Oliver, Lewellen and Williamson (1977) ........................... 53

A.3.0 Fog models ......................................... 56

A.3.1 Zdunkowski, Welch and Cox's Radiation Fog Model .................. 56

A.3.2 Practical Improved Flux Method (PIFM) by Zdunkowski et al.
(1980) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

A.3.3 Radiation scheme for circulation and climate models by Zdunkowski et al.

(1982) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

A.3.4 The radiation fog model of Brown and Roach (1976) ................. 72

A.3.5 A numerical study of radiation fog by Brown (1980) .................. 74

A.3.6 Formation and evolution of radiation fog and stratus fogs in the atmospheric
boundary layer, by Buykov and Khvorost'yanov
(1977) .. .. . .. .. . . . ... .. . . . . . .. . . .. .. .. .. . .. . . . .. . . . . 77

A.3.7 A numerical study of the formation and the dissipation of radiation fogs by Ohta
and Tanaka (1986) ..................................... 78

A.3.8 Prediction of quasi-periodic oscillations in radiation fogs. Part I: Comparison of
simple similarity approaches by Welch, Ravichandran and Cox (1986) ...... 81

A.3.9 Assessing the role of latent heat in the development of nighttime cooling fogs, by
L.P. Lyova (1986) ......................................... 81

iv



A.3. 10 A comparison of a numerical model of radiation fog with detailed observations
by Turton and Brown (1987) ................................... 82

A.3.11 The effects of radiative exchange on the growth by condensation of a population
of droplets by Guzzi (1980) ................................ 82

A.3.12 Numerical simulation of a fog event with a one-dimensional boundary layer
model by Luc Musson-Genon (1987) ............................. 84

A.3.13 A one-dimensional numerical study to simulate the influence of soil moisture,
pollution and vertical exchange on the evolution of a radiation fog by Forkel,
Panhans, Welch and Zdunkowski (1984) .......................... 88

A.3.14 Fog Modeling with a new treatment of the chemical equilibrium condition by
Forkel et al. (1987) ..................................... 88

A.3.15 The diurnal cycle of the marine stratocumulus layer. A higher-order model
study by Bougeault (1981) .................................. 88

A.3.16 A radiative fog model with a detailed treatment of the interaction between
radiative transfer and fog microphysics, by Bott, Sievers and Zdunkowski
(1990) ...... ................. .............. ......... 89

A.3.17 Properties of aerosols on the life cycle of radiation fogs, by Bott (1991) .... 93

A.3.18 Radiation fog: A comparison of model simulations with detailed observations
by Duynkerke (1991) .................................... 94

A.3.19 Computing solar heating in a fog layer: a new parameterization, by Vehil and
Bonnel (1988) ........................................ 96

A.3.20 Study of the radiative effects (long-wave and short-wave) within a fog layer,
Vehil et al. (1989) ..................................... 96

A.3.21 A numerical study of radiation fog over the Changjiang River by Qian and Lei
(1990) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

A.3.22 Numerical simulations with a three-dimensional cloud model: Lateral boundary
condition experiments and multicellular severe storm simulations, by Clark
(1979) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

A.3.23 Mathematical modeling of acid deposition due to radiation fog, by Pandis and
Seinfeld (1989) ....................................... 97

v



1.0 Introduction

There is arguably no other short-term natural atmospheric phenomenon that is more strongly
affected by the exchange of radiant energy than the development, maintenance and dissipation
of radiation fog. Over the past fifteen years many models treating the evolution of the fog
process have appeared in the literature that utilize various methods of accounting for the effects
of the radiant energy exchange. This report presents a review of what is believed to be every
significant entry in this collection, focussing on the aspects of each model that determine the role
played by radiation transfer. In attempting this summary, it is acknowledged at the start, that
the subject of the review is not the effects of the radiant exchange but rather the manner in which
the treatment of the radiant exchange is incorporated into the model. Also, it is not the intent
here to present a detailed recipe of any of the approaches although some are presented in more
detail than others. The possibilities span a wide range of completeness, from simply specifying
the radiational cooling of a fog layer as a constant, to including the radiant effects into the
droplet growth equation, the surface energy balance and approximating all relevant scattering and
absorption processes. The degree of sophistication with which the radiation exchange is
incorporated into the models has been found to be a function of the history of a particular
modeling effort and the primary focus of the individual studies. This being the case, no attempt
is being made in this report to assess the value of any effort, since each model may have as its
primary focus any of a number of important physical processes.

There are of course many sophisticated treatments of radiation transfer that have as their goal the
accurate simulation of radiative processes. However, as is the case in many atmospheric
simulations, the radiative processes are only one aspect of the fog modelling problem and only
a limited fraction of the total resources may be allocated to any process. Thus, the radiative
treatments that are described in this report fall into the category of parameterizations, not only
due to the limitations of computational resources, but also because many of the physical
quantities required for complete radiation treatments are not available within the fog model.
Nevertheless, the reader will find by following a chronological path through the various efforts,
that at the present time the parameterizations are becoming quite sophisticated and are
approaching some of the stand alone radiative transfer models.

This report is organized into three sections. In this the main part of the report, various aspects
of the parameterizations are discussed including at least one approach that has not as yet found
its way into the fog models. A discussion of the merits and limitations of the approaches will
also be found in the main text. Next, a summary of the models with the most complete
treatment of radiational exchange will be presented which includes a one-page summary that
attempts to give a brief, if cursory overview of the methods employed. The final part of the
report is an appendix that gives an account of several of the efforts found in the literature review.
It is hoped that sufficient information can be gleaned from the appendix that further research in
assessing the best modeling approaches will prove unnecessary.



LO Overview of the requirements

Fhis section attempts to overview the manner in which radiation interacts with the fog in its life
.ycle and also the physical process which affect the transfer of radiative energy in the various
atages of fog development.

2. 1 A qualitative description

In constructing a model that accurately simulates the life cycle of radiation fog it is necessary to
calculate the effect of the radiative energy exchange on the process. A simple qualitative
description of the fog life cycle demonstrates the need to accurately account for the radiative
exchange. One such scenario might be described as follows. On the evening before fog
formation the lower troposphere consists of a moist boundary layer beneath a relatively clear sky.
The temperature of the surface and the boundary layer have been determined by conditions on
the synoptic scale and the radiation conditions of the day. The layer will include an atmospheric
aerosol dictated by the location. After the sun sets the surface cools to space by emission of
infrared radiation primarily in the infrared window region, which will be defined as the spectral
region with wavelengths between 8.0 and 12.0 Jm. At the same time the entire surface layer
in the lowest meters of the atmosphere cools to space via the same mechanism. It may result
that due to the relatively higher surface emissivity, the surface temperature drops below that of
the air immediately above. This allows the air to cool, not only to space but also to the surface,
and a strong inversion is set up in the lowest part of the atmosphere.

As the cooling continues the air reaches near saturation conditions with respect to water vapor.
A water haze forms as the air becomes nearly saturated and haze droplets, whose size distribution
is primarily determined by the pre-existing aerosol size distribution, compete for the existing
water vapor. Small scale turbulence, induced by the temperature gradient of the inversion mix
the layer's water vapor and droplets. Once larger droplets are formed infrared cooling is
dramatically enhanced in the upper regions of the fog allowing haze droplets to activate and grow
as a function of the aerosol nuclei type and the net radiation budget at the droplet surface which
selectively enhances the growth of larger droplets. The depth of the fog layer grows as the
moisture is mixed to higher levels and heat is mixed downward, the existence of the layer is
sustained by radiation loss at the top of the fog layer, now primarily to space as the fog filled
intermediate layers become more opaque to the radiation from the fog layer above. As haze
droplets are converted to fog droplets gravitational settling becomes important. Larger drops
settle out of the layer forming dew at the surface and altering the liquid water budget within de
layer. Short term (15 to 20 minute) oscillations may be observed as the fog layer alternately
thickens by growing drops in a high radiative loss environment and then thins as large drops
settle to the ground. This process continues in the absence of changing synoptic conditions until
after sunrise.

With sunrise the solar radiative stream's ability to heat the layer sufficiently to dissipate the fog
depends on the optical properties of the layer. Geometrically thick layers or layers with a high
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)ncentration of small droplets may be particularly resistant to solar burn off. The dissipation
F the fog becomes more likely with the decrease in the solar zenith and is likely to be a
)mbined process of absorption by the droplets (depending on the absorption coefficient again
ed to the type of condensation nucleus as well as the size of the droplet) and heating of the
nrface by the transmitted solar irradiance. After the fog dissipates the likelihood of recurrence
f the event is again governed by conditions dictated by the synoptic situation as sunset
pproaches.

bis description of what may transpire in the fog's life cycle is fairly typical of the scenario most
iodelers adhere to. There are of course a great number of possible variations on what was
escribed, but it is not the intent to describe variations of the fog life cycle here. Rather, the
rief description was offered as an indication of the ways radiation influences the genesis,
raintenance and dissipation of the fog layer. Infrared radiation plays the crucial role in the
ritiation of the layer by cooling the layer to near saturation conditions. The ability of the
;round surface to radiate to space is also active in this first stage. Upon activation of the haze
Iroplets the total radiative environment in which the droplet is emersed influences the growth
ate of the droplets selectively enhancing the growth of the larger drops and enhances the cooling
if the upper few meters of the fog. In daytime conditions the ability of the solar radiation to
enetrate further into the fog, relative to the infrared radiation, is important in the break up or
turn off of the fog. As will be seen below, in spite of the complex interactions between
adiative and dynamic processes, it is possible to grow a fog layer with a fairly simple radiation
nodel, and if the modeler's expertise is focussed on other aspects of the fog's development, this
:ourse is often taken. Nevertheless. in order to simulate a more detailed history of the fog's life
.ycle, the radiative process must be caretully modeled.

1.2 The structure of the fog model

Athile it is not the purpose of this report to document the numerical methods used in simulating
he dynamics of the fog, it is useful at the outset to examine the structure of the governing set
)f equations in order to see how the radiative term is included in the model. Most all of the
,fforts reviewed in this study had a similar basic set of equations, with one exception which is
ioted later. The equations must describe the budgets of horizontal and vertical momentum, heat
md water. They must also treat in some degree of approximation the processes of turbulent
ransport, radiative exchange and microphysical droplet growth and settling. As an example, the
heoretical equations of Bott (1990) are presented below in which u and v are the horizontal
.omponeats of velocity for which the subscript g denotes the geostrophic values, f is the Coriolis
)arameter, 0 is the potential temperature, p and Po are the pressure at height z and at the
;urface, c, is the specific heat at constant pressure, p the density of air, L is the heat of
:ondensation for water, q the specific humidity, and f(a,r) is the microphysical droplet
fistribution for droplets of radius r with condensation nuclei of radius a.

3
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;vhere k, and k, are the turbulent mixing coefficients for momentum and heat, E. is the nat
"adiative flux density, C is the condensation rate and w, is the droplet terminal fall velocity.
rhe single exception to this general set of equations that is of interest in this report is the second
)rder closure model of Oliver et al. (1978), which differs in the way in which the turbulent
ransports are modeled. Another higher order model was identified (Bougeault 1981) but it did
iot include any treatment of the radiative processes.

The net radiative flux in the thermodynamic equation results from the difference between the
absorption of shortwave and longwave fluxes and the emission of the longwave flux by the layer.
rhe remainder of this report is concerned with the manner in which the net flux is calculated by
various models. It will be seen that although there are several variations on the methodology,
most of the approaches are basically similar.

2.3 The nature of the radiative fluxes

Because of the large difference between the radiating temperatures of the sun and the earth's
atmosphere there is a natural spectral division between the solar and terrestrial radiative streams.

hiMs division occurs around 3 Am; radiation from roughly 0.28 to 2.8 Am being consioered in
the solar regions and radiation beyond being considered in the longwave regime. Of course, this
is not totally accurate since absorption of sIar radiation by water vapor is usually taken into
account out to beyond 6.0 Am. In the solar region the radiative stream is subject to the processes
Af scattering by aerosols (which includes water droplets) and air molecules and absorption by
water vapor, carbon dioxide, ozone and aerosols. Solar radiation interacts with other
atmospheric constituents to a lesser extent. Scattering is not as important in the infrared for
which the most important processes are absorption and emission primarily by water vapor,
carbon dioxide, ozone and by water droplets; however, scattering is considered important in the
infrared in some applications in the region of the atmospheric window from 8.0 to 12.5 Am. In
the application of modeling of fog evolution scattering in the infrared is important because it
•ehances the absorption and/or emission of the radiative energy by extending the optical path
through which the radiation passes. Of the two types, infrared radiation is generally considered
most important in the fog life cycle since it is possible to model the onset and intensification of
the fog without any consideration of the solar radiation. This is in accord with the tendency for
fogs to form during the nocturnal hours; however, solar radiation is considered important in the
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issipation stage of the fog, although some studies indicate that fogs can be dispersed under the
ifluence of an increase in downwelling infrared radiation as might happen if a low or middle
.vel cloud were advected over the fog layer.

"he relatively brief listing of the important processes affecting the transfer of radiation in the
tmosphere is misrepresentative of the difficulty of quantifying its effects. There are tw3
omplications in the infrared; one is the extremely fine spectral scale and large number of
bsorption lines offered by the possible molecular transitions of the gases. The total number of
bsorption lines which may be considered by detailed "line by line" models is of the order of
0'. The difficulty of treating the shear number of such lines is complicated by the second
ictor; the effects of non-homogeneous paths in the atmosphere. As the molecules are exposed
a differing temperature and pressure environments the shapes of the absorption lines change in
heir line strengths and in their widths, overlapping other ides of the same and foreign gases.
t is currently not possible to treat the absorption and emission of infrared radiation at this level
if detail in a numerical model in which radiation is but ont. of the important physical quantir -.s.
ouch models simulate fogs in time steps of from a few tenths of seconds to a few minutes
lepending on which physical processes are important. Calculation of the infrared spectrum on
Smodern work station using a "line by line" model may take up to a few hours depending on
he nature of the problem being solved. Even with the advances being made in processing speed
t is difficult to imagine when treatment of infrared ,adiation in numerical models will advance
D) the level of detail at which the spectra are currently understood. Thus, some type of
arameterization must be constructed which approximates the more detailed treatment. The
arameterization must account for the absorption and emission by water vapor from 3.5 to 8.75

tm and from 12.5 to 100 jim, by the 15 Asm CO2 band, and by the 9.6 Im ozone band. In the
itmospheric window, besides ozone there is the continuum absorption by the water vapor dimer.
kerosols and liquid water absorb and emit infrared radiation across the entirety of the longwave
pectrum. Figure 1 shows the measured downwelling infrared radiation for a clear sky case and
or stratocumulus overcast, which is similar to what would be observed at the bottom of a fog
ayer. Notable is the masking of the individual bands by the nearly grey body emission by the
Iroplets forming the cloud layer.
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In the solar portion of the spectrum the primary processes arc absorption and scattering. Solai
radiation is absorbed primarily by water vapor in bands centered at 0.94, 1.1, 1.38, 1.87, 2.7,
3.2 and 6.3 jum, by ozone in the mid "-isible and to a lesser extent by CO, in bands centered at
1.4, 1.6, 2.0, 2.7, 4.3, 4.8, and 5.2 jIm. In some sense the treatment of solar radiation is
simpler due to the absence of emission since the spectral distribution of the energy is known at
the top of the atmosphere and is changed only by selective absorption, whereas in the infrared
the spectral prcverties change -ue to emission by the gases at various pressures and temperatures
-within the atmosphere. However the role of scattering is greatly enhanced in the shortwave and
bec xmes the major complication in the presence of aerosols or water droplets and to a much
swAller extent by Rayleigh scattering from air molecules. The mr'st important parameters of
€tattering are the extinction coefficient which determines the total attenuation through a path
containing a given concentration of particles, the single scattering albedo which determines the
amount of absorption relative to att-nuation through the same path and the ph"se function (or in
the case of simplified sLattering models the asymmetry parameter) which determines the angular
distribution of the scattered radiation. Figure 2 shows a plot of the extraterrestrial solar radiation
and the radiation transmitted through a clear mid-latitude winter atmosphere.
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3.0 Approximations and parameterizations

The numeric model must approximate the transer of radiant exchange in a time frame acceptable
for model execution. If all of the quantities required for this calculation are not predicted or
diagnosed by the dynamic and hydrodynamic equations of the model, then parameterizations must
be invoked. Stephens (1984) presents a review of parameterizations which are useful in General
Circulation Models (GCMs) or in climate models. Many of these same approaches are used in
fog models. In fact, two efforts use a direct adaptation of the GCM version of radiative transfer
effects for the application to fog models. This section deals with the nature of the
approximations which are used in the numerical models. Much of this informtion has been
condensed from the Stephens (1984) review article. In section 4 the specific types of
parameterizations used in the fog models which have been reviewed will be presented.
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3.1 In the infrared

The governing equations for the transfer of the upwelling Ft (z) and downwelling F4 (z) infrared
fluxes at a level z are given by Liou (1980) as

Z -dzr

FT (z) - fitB (0) or,(z, 0) dv + f fiB, (z') v (z, z') dz'dv
0 00 dz'

F1 (z) - fBV (z) d dz'dv
0 2

where B(z) represents the Planck emission function, v is the frequency in wavenumbers (cm-1),
and r,/ is the diffuse transmission. The diffuse or flux transmissivity is defined as

1

4f(z,'z') - 2frv (z, z', p) pd,.
0

where A is the cosine of the zenith angle for the direction in which the infrared radiance is
travelling. The diffuse transmission is often approximated as

'r ' (Z, ZI) - -rV (Z z, I' / 0).,

wherefi is the diffusivity factor often taken to be 1.66, and where the spectral transmissivity is
defined as

T (z,z' Z/,) - exp[ -- 1 uj 1 ) (p, T) du1 ,

where k,Qp,T) is the spectral extinction coefficient and u is the path normally given in units of
(molecules cm-"), although units of (g cm-') or (atmospheric centimeters at normal temperature
and pressure) are also used. Use of the diffusivity factor allows the computation of a flux
transmissivity from an intensity transmissivity rather than an integration of the intensity
transmissivity over the hemisphere. This is usually considered to be a good approximation and
is invoked iu the infrared by almost all of the models reviewed.

If one follows the order of considerations presented in Stephens (1984), another concern is the
value of k,(p,T), since radiation passes through highly variable pressure and temperature paths
while the value of the absorption coefficient is normally determined in a laboratory under
homogeneous conditions. One approach to the problem attributed to Goody (1964a) assumes
optical depth (ku) may be separated into two factors

U- (PO.I ToD) f 0o.•(P TI du - k, (po. To) u"
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where p., and To are the reference temperature and pressure. Then the variation in the
atmosphere is usually absorbed into the expression for the path amount and u" is given by

The other approximation for the effects of inhomogeneous path is the so called Curtis Godson
approximation for which the absorption along a nonhomogeneous path is calculated by adjusting
the path and the pressure according to

SU - - fp du,

u" - fdu.

This approximation is considered to be more accurate than the previous for the effects of variable
path.

The variability of the IR radiative spectrum and the dramatic effect of the cloud layer as shown
in Fig. 1 is, to say the least, a challenge to the modeler trying to include these effects.
Calculation of the heating or cooling from the infrared requires a convolution of the spectral
transmittance with the Planck function in the integrals for the equation of transfer. Since
consideration of individual lines is enormously expensive in the context of a numerical GCM or
fog model, band models have been developed. One such model attributed to Goody (1952)
assumes a form similar to that of an individual Lorentz line and is given by

TV e d

Z -exp[---d (1+ •x-)- /J

where the overbar indicates an average over a subspectral interval A v, where in the single line
formula for absorption, S is the line strength, cx is the halfwidth at half maximum. In the band
model these parameters as well as d should be considered parameters of the fit. Through an
inhomogeneous path the band model is used by replacing the path parameter with that from the
Curtis Godson approximation and multiplying the halfwidth by (p'lp) where Po is the reference
pressure at which the haltwidth is originally determined. Even with this level of approximation
it typically requires approximately 20 spectral intervals to approximate the radiative contribution
in the infrared spectrum.

A large fraction of the IR cooling from lower tropospheric layers occurs in the atmospheric
window region. Within this region there is a smoother absorption caused by water vapor and
termed continuum absorption. This effect is not totally understood but is believed to be due to
a combination of absorption in the wings of the surrounding water vapor bands and to e-type
absorption by water vapor. At any rate it depends on the water vapor partial pressure. One

9



expression for the absorption coefficient for e-type is given by

k,(p,T) - * ,(T) v,TO) e,
40(TO)

where

*(T) -exp (1800/T),

and

*(v,T.) - 4.18 + 5578exp(-0.00787v)g-1 cm2 at-m- 1 ,

with T, = 296 K, and v in cm'.

Another important consideration is the overlap of the H20 vapor and COQ emission lines
especially in the 15 psm region. According to Stephens (1984), the combined transmittance,
which may be expressed as the product of the individual transmittances (strictly valid only in a
monochromatic sense) is only valid for transmission models based on the random distribution of
absorption lines and not for the flux emissivity approximations which are prevalent in fog
numerical models. Examples of transmission models for the combined emission may be found
in Ramanathan (1976), Ellingson and Guile (1978) and Fels and Schwartzkopf (1981).

The most accurate form of "quadrature" for integration over frequency is the k distribution
method. A thorough treatment of this method may be found in Chou and Arking (1980, 1981),
for the infrared and solar portion of the spectrum respectively. The essence of this method is
in effect a reordering of spectral absorption coefficients into groups of common strengths. This
is valid since the absorption over a fairly wide spectral interval depends on the fraction of the
interval that is associated with a particular value of k. This method is also attractive since it may
be used when scattering is also an important process. Implementation of the method is ultimately
performed by interpolating for a value of a parameter G(w',T) defined as

G(w',T) -n . B ( -r(w) AvW,

where

W* (P1 I P2) T q T(p) dp,
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• c(u,) - 2E(L,) - 2fe"t t-ndt,
1

and

P2

uz (p1 p 2 ) - fg-1k, (p, T(p) ) q(p) dp,
P1

in which q(p) is the specific humidity and g the gravitational acceleration. G is a rather
smoothly varying function tabulated as a function of w" and T separately for the band wings and
the band center regions. The IR cooling rate may be expressed directly in terms of G and its
partial derivative with respect to temperature.

One of the most common approaches used for calculating IR cooling is to use what has been
termed a flux emissivity approach to solve the equation of transfer in a broadbanded fashion.
The flux equations are written in the form

Ft(z) - f [I - A,(z, 0)]d + JJ7B,(z) -5 (z, z) dz'dv
o 00

F1 (z) - ff 2czL (z, z') B, Wz') dzdv,
0 0 dz "

where A, = (1 - 7,) is the absorptivity of the gas. The flux emissivity may then be defined as

eý(zz') - z B (7T) dv.

After which the equations for the upward and downward flux may be written as

FT (z) - a 7'(1 - e(z,O) ) + oTW(z')-!L(z,

F1 (z) -_f[-e (z, z') o T4 Wz) dz dzd,')z
F~z) 2
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Stephens (1984) points out that it is not always possible to accurately evaluate de(z,z')/du, so
an alternate emissivity form may be introduced which is suggested by integration of the equations
of IR radiative transfer by parts to obtain

oZ dB. ( z')

FT (z) - fB(z - O)dv + f f•(z,z') )dzdu,
o oodz'

and

F1 (z) - _[[Av (Z Z,) z/ (Z) dzldv.

dz/

If the following quantity is defined,

e' (z,'z') - "fA, (z, z') dBv dv,
a do Td (z')

then the equations may be transformed into

F1 (z) - e (z,z) doT 4 (Z') dz
Je dz'z

F1 ( z)- aT.4 + Ie (z'z') do T 4 (z')
) dz' dz

which is apparently more accurately evaluated in numerical modeling applications.

There is also some advantage in evaluating the IR cooling rates by separating the problem into
two parts: one part is the exchange of the radiative streams with layers above and below the layer
whose cooling/heating is being calculated; the other part is the consideration of the fraction of
the radiation which is lost to space directly. Some studies apparently have indicated that it is
more appropriate to treat each of these portions in different ways in order to achieve the
maximum accuracy for a given expenditure of computational resources. There is some similarity
to this philosophy in a few of the fog models which in essence treat the upper part of the
atmosphere as a given quantity and concentrate only on the mutual exchange between the layers
within the fog when calculating the radiative effects.

When fog droplets begin to activate from aerosol haze a dramatic change begins to take place
regarding the ER radiative budget within the fog layer. As explained qualitatively above the
emission by the upper levels of the fog provides the temperature gradient setting up turbulent
transports within the layer. This is one area where fog numerical models have a distinct
advantage over the GCMs designed to simulate larger scale (both in time and space) circulations.
This results from the smaller space and time scales which allow, in a few of the more recent
efforts, a prognostic equation for the microphysical droplet distribution. This allows a direct
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computation of the droplet absorption coefficient. If it is assumed that scattering in the IR is not
important compared to absorption (almost all fog numerical models make this assumption; see
Section 4 for a complete discussion of the single exception), then the absorption A(z,z') and
optical thickness have a simple relationship

A,(z,z') - 1 - exp[-68(z,z')],

where 6(z,z') is the optical depth between levels (zz') and is given by
Z/

1A f dzn
ZI

6, (z ,z') - ~?-f;•( z")d.
z

The droplet absorption coefficient is given by

IC (z") - Rfn(r,zI) r2 Q.(v,r) dr,

where Q, is derived from Mie theory as the absorption efficiency of a spherical droplet of radius
r, and n(r,z) is the number density of the droplets. All of the models reviewed assumed
spherical droplets through the use of various assumptions or parameterizations. If the absorption
coefficient is known as a function of frequency then it may be combined in the equation of
transfer with that for gaseous absorption and the droplets contribution to the IR cooling may be
computed. Many of the models reviewed for this study did not include a prognostic equation
for the droplet distribution so a direct calculation of the absorption coefficient was not possible.
Instead a very common type of parameterization was used which expresses the absorption
coefficient as a function of liquid water path. The liquid water path is usually deduced from a
total (liquid plus gaseous) water budget together with prognostication of saturation conditions.
If the absorption coefficient r, is divided by the density of liquid content in the fog there results
a mass absorption coefficient for liquid water,

kn)(r, z-1) r2Qo, (v, r) drkvc ( z") - W( Z") _3 4o

fn (r, Z//) r 3dr
0

where w(z") is the liquid water content of the fog at z". For particles small compared to the
wavelength it is approximately true that Q&(v,r) = c(v)r. Then the mass absorption coefficient
may be written as k,, = 3/4 c(v), after which the absorptivity may be expressed as

Av (z,z') - 1 - exp(-kcW(z,z')pl-1),
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where
Z/

W(z, z') - fw(z/) dz'/.
2

This type of parameterization would normally apply in fogs where the droplets have a modal
radius of about 5 pm according and the IR wavelengths are mainly above this limit. A flux
emissivity is then obtained by integrating c,' over zenith angle or introducing a diffusivity
approximation

e,- - I - exp( -• kvCW)

A broadband flux emissivity is obtained after integration over wavenumber weighted by the
Planck function;

f Bv,,(T) edv
eVf - AV

f B, (T) dv

Av

Since the absorption coefficient for liquid water is relatively smooth the broadband flux

emissivity is usually written as

ei- 1 - exp (-p4Fw),

where the absorption coefficient has been averaged over the wavelength interval.

3.2 In the solar region

In the solar region the determination of clear sky fluxes is fairly straightforward and usually
based on a simple parameterization. The solar radiation arriving at a level z from the direction
of the solar zenith angle with a cosine represented by p0 is given as

S1 (z,Po) - s,(-w) r, (z,,iAo)d v,
0

where S(co) is the extraterrestrial solar flux density and 7, the spectral transmissivity. The
spectral transmissivity is expressed in terms of an absorption coefficient k, as

T,, (Z',0O) " e -Lf k, du)1
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where u is the optical mass. At large zenith angles there is often an adjustment for passage of
the solar radiation through a curved atmosphere but this has little relevance in the current
situation. The expression for the downward and upward fluxes may be written as summations
according to

N

S4 (Z) - Po 0 Si (-) rVi (U),

and
N

ST (z) - IPo0LgjSj(-)¶'j (U),

where the transmittances are expressed as average values of a spectral subinterval and u" is the
path adjusted for the more or less diffuse radiance field reflected from the surface with albedo

t,. The value of u may be taken as uo / , + (u0 - u) m', where u, is the optical path for a
vertical path through the atmosphere and m" is a factor for the diffuse nature of the radiation and
has a value of 1.9 for water vapor and 5/3 for ozone.

In the clear sky for solar wavelengths absorption by water vapor plays the major role in heating
the lower atmosphere. There are several clear sky parameterizations for absorption by water
vapor such as Korb etal. (1956), McDonald (1960), Yamamoto (1962), Sasamori era!., (1972),
Lacis and Hansen (1974), and Liou and Sasamori (1975). Most of these are based on the
original measurements of Howard er al. (1956), whose original expressions are usable as well.
According to Stephens (1984), one of the most useful formulations is due to Lacis and Hansen
(1974), whose absorption by water vapor fits the Yamamoto (1962) absorption curve to with 1 %
for 0.001 <u*< 10 cm. It is expressed as

2.9u*
(1 + 141.5u") 0-35 + 5.925u*

where u" is the water vapor path in precipitable centimeters scaled by the Curtis Godson
approximation with To = 273 K and Po = 1013 mbar.

Despite the seemingly simpler problem of computing heating rates in the solar region for a cloud
free atmosphere, Stephens (1984) indicates that among various parameterizations differences of
50% are possible depending on the altitude used in the comparison. At the surface the spread
is about 20% for a mid-latitude summer atmosphere and closer to 40% for a sub-arctic winter
atmosphere. These discrepancies exist despite the fact that almost all of the parameterizations
use the original water vapor absorption data as indicated above.

Ozone absorbs in the solar region roughly from 0.28 to 0.65 um. Clear sky parameterization
for ozone assume most of the absorption occurs high in the atmosphere where little scattering
takes place. This assumption is not valid for fog models. Even for fog free computations
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enhanced boundary layer concentrations of 03 due to the effects of air pollution can not be
disregarded. Most of the fog models do not include the effects of ozone absorption. Those that
do (Bott et al., 1990 and Ohta and Tanaka 1984) for example, include the effects of molecular
scattering which would accommodate the enhancement of absorption. Nevertheless, for clear sky
calculations the parameterizations of Lacis and Hansen (1974) are often employed. They have
the simple form

AViS . 0. 02118 v
ozone 1 + 0.042v + 0.000323V2

which is applicable for 0.0001 < v < 10 cm (NTP) to four figure accuracy. In the UV for
0.0001 < v < I cm (NTP) the absorption is given by

Uv 1.082V 0.0658
Aozone - (1 + 138.6v) 0 -105  (1 + 103.6V) 3

and the total absorption by ozone is obtained as the sum of the those given by the reactions
above.

Except in the case noted above of a polluted boundary layer, the treatment of scattering by air
molecules or Rayleigh scattering is probably more critical in GCMs than in fog models. This
is because GCMs are concerned with heating in the entire atmospheric layer and radiation
diffusely reflected by air molecules will be absorbed to a greater extent than will collimated
radiation by the same layer, particularly for the upper atmospheric layers where ozone absorption
is most important. Two approaches are listed by Stephens (1984). The first and simplest simply
replaces the integrated solar constant by one which is reduced by 7%, an average global value
for reflectance by Rayleigh scattering. This approach is least accurate for beating in the upper
atmosphere but is probably more acceptable in fog models, again with the possible exception of
the ozone polluted boundary layer. The other formulation composites the reflection by the
surface and the lowest layer and specifies that

•(~)- caR(IIo) + [1 - aR(ILo)] [1 - ]

SaRag

where

aR(I(o) - 0.219/ (1 + 0.816 p ) ; a - 0.144.

The function a(ttA) is computed by standard methods for a non-absorbing layer. Afterwards,
the composite albedo is used as a replacement for the surface albedo in the GCM. In the fog
model of Ohta and Tanaka (1984) it is simply stated that Rayleigh scattering is included. In the
Bott et al., (1990) model it is stated that the scattering coefficients for air molecules are solar
energy weighted average values of the same over the appropriate spectral intervals. Only in
Fouquart and Bonnel (1980) is the formulation actually given as
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RR - 0.5,R/ ( pj + -R),

where r. is the Rayleigh optical thickness given by r, = O. 06(p - p+) / p,, where p4 and p are
the upper and lower pressure boundaries of the layer and Po is the surface pressure.

Of course, the greatest complication in the shortwave portion of the spectrum is devising an
efficient method to treat scattering by aerosols, which will be taken as including scattering by
water droplets. When droplets are nresent much attention is placed on how to handle the effects
of multiple scattering. The simplest approach, and one that is often taken in GCMs is to assign
precalculated values for the reflectance and transmittance by high middle and low clouds. While
this practice may be disputed as it applies to GCMs it would certainly not qualify as a "state of
the art method" in a radiation fog model. The rationale for seeking a more interactive approach
is twofold. First, in the more advanced models the necessary ingredients are available for
evaluating the appropriate values of fog reflection, transmission and absorption by the droplets.
More specifically, some models now have the ability to predict the microphysical droplet
distribution which may be used to evaluate the single scattering parameters which may then be
used in a multiple scattering recipe. Second, the dissipation stage in the fog life cycle is thought
to be very sensitive to the penetration of solar radiation into the fog deck and this implies a
changing value of transmission (also reflection and absorption) at each time step in the model.
Obviously, fixed values are not appropriate in this application. The equation of transfer for solar
radiation may be written

di (6 , I) - 0i IlSt .-6p + -! fTD(6, p, p') 1(8, ILI) dp/
A2 2 ' '

-1

47 -••p g, p,, P)

where I(6,pt) is the monochromatic radiance at an angle whose cosine is p at a level in the
atmosphere whose optical thickness is 6 that is comprised of the optical thicknesses for scattering
b. (aerosol plus air molecules), that due to absorption by aerosols 6. (including water droplets),
and that due to absorption by gases 6,. The single scattering albedo w0 is the ratio of scattering
to total extinction by droplets or 5, / 6. The directional nature of the scattering is characterized
by the phase function p(6,At,/s'), which for wavelengths in the visible and droplet sizes typical
in fogs, has relatively much larger values in the directions of scatter near the forward direction
compared to the sides or backscatter direction. For the assessment of solar heating rates the
exact shape of the phase function is not terribly important because of the effects of multiple
scattering which tends to smooth out the effects of the strong forward peak. A more useful
parameter is the asymmetry parameter g, defined as

_1

g- - p P(8,P ') PdP.
-1
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For clouds g is typically between 0.7 and 0.9. The asymmetry parameter may be used to
approximate the phase function when the exact shape of the phase function is not important as
in the calculation of heating rates which result from flux divergences, basically a hemispheric
integral of the radiance field. The Henyey Greenstein phase function is approximated in this way
and is given by

'(6 i ii')1 - g2p (8, 2• d
1 + g 2 ' 2gIl L'

There remains the problem of solving the equation of transfer is a scattering medium. Several
methods have been discussed in the literature which solve the equation with varying degrees of
approximation. Most of these methods are not acceptable for use in a GCM or a fog model
because of the amount of computer resources required to compute the solutions. A commonly
used method which offers rapid solution to the scattering problem is the "two stream" method,
so called because it solves for single streams in the upward and downward directions. This level
of approximation is quite common in fog models and has been studied extensively in the
literature; see for example, Stephens (1984), Zdunkowski et al. (1980) and Harshvardhan and
King (1993). The numerical recipe for the Practical Improved Flux Method, which is a delta-
two stream method may be found in the appendix section A.3.2. In general if the spectral flux
density S(6) is obtained from the radiant intensity 1(6, ± ju) according to

1

S*(8) - fp 1T(8,±14) dp,
0

then the equation of transfer may be written as

dS " Y1 S÷ - Y2 S- + SO73e

d6 4
dS- S0

d6 y2 S - 41S 44

where some functional approximation of I on 1z has been assumed that allows the flux density
to be obtained from the radiance analytically. When the intensity is approximated in this way
the coefficients y1 , y, and y, are expressed as a function of r., 6 and g. The "gamma "
coefficients may be defined in various ways in terms of the scattering albedo, the optical depth
and the asymmetry parameter; see the Appendix sections A.3.2 and A.3.3. Apparently none of
the two stream methods are accurate over all ranges of the optical thickness and single particle
scattering albedo. Zdunkowski etal. (1980) indicate the PIFM has the best overall performance
while Harshvardhan and King (1993) recommend a delta Eddington approach. The delta phase
function approach more accurately approximates the effects of the highly forward scattering phase
functions typical of fogs and water clouds. In it the phase function is approximated using a delta
function so that
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p(68•,, Ip') - 2f6• 8, + (1 - f) (I + 3gl PP),

wheref = g' is the fraction of radiation scattered into the forward peak and 5,. is the Dirac delta
function. When this approximation is made the solution follows the same method of solution as
the original Eddington approximation with scaled values of 5, r, and g; see Shettle and Weinman
(1970). The scaling relations are

' - (1 - •of) 6
w•o " i-f) w•o/ (I - (.)f)

g1- (g- f)/(1 - f)

Stephens (1984) lists eight choices for the gamma coefficients for various solutions and
Zdunkowski et al. (1980) consider ac~ditional possibilities.

One of the major considerations in solving a two stream or any other method for multiple
scattering is the degree of spectral resolution that can be maintained in the model. In general
the two stream solution must be exercised for each spectral ban! used in the approximation.
Some of the methods for modeling fogs use four or five spectral divisions in the solar region;
and further subdivide each of these into six or se,,en intervals using various methods; see the
discussion of Zdunkowski et al. (1980) in the Appendix section A.3.3. Others attempt to use
a mono-spectral approach as Fouquart and Bonnel (1980), which is used in the fog model of
Musson-Genon, (1987); see Appendix section A.3.12. This topic will be discussed further in
the next section. Also, there is the added complication that the spectral regionis where water
vapor and water droplets overlap. Thus it is not correct to treat the scattering fog or cloud layer
separately from the atmosphere in which it is immersed, since the absorption by the droplets will
be altered by the amount of water vapor absorption which has c-curred above the layer. It is
common to employ a formulation based on the k distribution mentioned above in which the
transmission is expressed as

rAv "U*) f f (k) e-k-1 f(kn) e-k-u"

Av n-i

wherefik) is the distribution of k absorption coefficient values and u" the optical mass. Then in
the two stream solution for scattering by droplets the optical depth 5 is replaced by an augmented
optical depth 6, = 5 + k,,u, and the single particle scattering albedo w, by w. = 40 65b., and the
two stream method is solved for each value of n for a solar flux S. and the value of solar flux
for the spectral interval AA is given by

N

SA).- f(k,) S, (k,)•
n-1
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Examples of this approah can be found in the Zdunkowski models discussed later. Another
approach is to use photon path length distributions N(7) calculated a pr'ori using a Monte Carlo
algorithm for a desired cloud type. The transmission r,, over a spectral band of width A A is
then given by

S" fN(1) r (1u*,p') dl--N(1) • (Iu,p') ,

where r(lup) is the band model transmisEion along a path with scaled quantities u" and p. This
approach is used in the Luc Musson model that uses the parameterizations of Fouqt',rt and
Bonnel (1980) and is discussed later on.

In either case it is important to aprproximate the single scattering properties of the droplets as
accurately as possible. This is a much easier task in fog models which have a prognostic
equation for the droplet distribution such as the model whose equations are listed above in section
2.2. In this case the single particle scattering albedo could be compute' from Mie theory for a
range of microphysical distributions and a table look up accessed from within the dynamic
model. This allows an approximation to a time dependent value cf the absorption coefficient,
extinction coefficient (thus determining the single particle scattering albedo) and the asymmetry
parameter. If the microphysical distribution is not diagnosed in the model other
parameterizations must be employed. An approximation for the optical depth that is commonly
used in fog and cloud models is more or less derived from the basic principles. It begins with
the expression for optical depth due to water droplets:

f f
0 0

where n(r) is the droplet size distribution, Q, is the efficiency for extinction from Mie theory
for spherical drops of radius r and radiation of wavelength A and index of refraction m,. By
using the fact that Q., asymptotically approaches a value of 2.0 for droplets large compared to
the wavelength of the light, and the definition of the equivalent radius,

fnn(r) r 3 dr
0re - o

Jn (r) r dr
0

20



Stephens (1978b) showed that the optical depth could be approximated in terms of the liquid

water path W by 6- -- Wr 1 . The liquid water path is often available in fog models2

from via a water budget equation.

The value of the single particle scattering albedo is important in determining the droplet
absorption in the fog; see Vehil and Bonnel (1988). One parameterization by Liou (1980) is in
terms of the complex part of the index of refraction k' and is given by,

( 0o - I - 1.7 k'r. , where r, is defined above. Vehil and Bonnel (1988) present newer

parameterizations for both the asymmetry parameter and the single scattering parameter
specifically for fog. Another approximation applies if the real part of the index of refraction
n, approaches unity. The anomalous diffraction theory gives an approximation of

1 - 60 - I'(• ptanr - p2tan22~ 3

where

p - 4_.ItZ (n, - 1),

and

r - arcta4 k1 .n. -1

This type of parameterization is of interest for application to situations in which the chemical
composition of nucleation aerosols is considered important since their effect might be taken into
account through variation of the index of refraction m = n, - ik'. A more exact treatment of the
effects of aerosol chemical solution may be found in the discussion of the Bott et al (1990) model
in the Appendix; see section A.3.16.

3.3 Some remarks about the parameterizations

The sections above have summarized many of the parameterizations commonly used in numerical
simulations of atmospheric processes in which radiation plays a role but is not the main focus
of the modeling effort. It is safe to conclude that all of the models for studying the behavior of
radiation fog utilize algorithms which are closely related to those described above, if not identical
in form. The sections above provide a number of approaches to the problem of approximating
radiative effects without specifying which is most accurate or most rapid. It is not possible in
a study of this type to evaluate all approaches, but it is somewhat reassuring that those described
have been accepted by various groups as reasonable approaches. It is quite likely that no single
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parameterization is optimum for all types of cloud or fog modelling and one of the purposes of
this study is to characterize the strengths and weaknesses of approaches actually used in published
accounts of radiation fog models. The next section summarizes the types of approximations that
have been used in fog models, the strengths and weaknesses of each, and, in particular, which
approximations are best suited for application to multi-component fog models. However, the
specific question of what approach is optimum must be addressed by dedicated numerical studies
and verified by measurements of the scenarios of interest. No attempt is being made here to
specify the single best approach.

4.0 The evaluation of parameterizations used in radiation fog models

The previous sections have established the nature of the problem and the types of
parameterizations usually applied for the purposes of calculating cooling and heating rates in
dynamic models such as GCMs, cloud or fog models. The Appendix provides a rather detailed
summary of the treatment of radiation for each fog model which was reviewed. As mentioned
above the techniques in the fog models are closely related to those already described.
Nevertheless, there are some variations and extensions of these methods to be noted. Also, there
are specific questions which need to be addressed regarding the use of the approximations. The
following sections address these issues in the form of an evaluation of the methods and serve as
a link to the specific formulations found in models described in the Appendix. Understanding
of the scope of the methods in each model will be enhanced by reading the entry for the model
in the paragraphs below and the corresponding entry in the Appendix. Finally, this section
concludes with single page summaries of the treatment of radiation in several of the more
complete efforts.

4.1 Listing of models reviewed

The models included in this study are those found in the open literature from 1975-1992. The
list of all entries relating to radiation fog numbers several dozen or so, but only a subset of these
describe modeling efforts (as opposed to observational studies for example) and of those only a
subset provide detail on the treatment of radiation. Some papers, which do not describe dynamic
models, but rather add clarification and detail to the discussion of the fog models are also
included. The final set actually reviewed is comprised of the entries in the Appendix and are
merely listed here. The set includes the following:

Lilly (1968);
Schubert (1977), Schubert (1976), Steiner and Schubert (1977), Schubert et al. I and 11 (1979);
Oliver, Lewellen and Williamson (1977);
Welch et al. (1986);
Zdunkowski et al. (1980);
Zdunkowski et al. (1982);
Brown and Roach (1976);
Brown (1980);
Buykov and Khvorost'yanov (1977);
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Ohta and Tanaka (1986);
Bykova (1986);
Turton and Brown (1987);
Guzzi (1980);
Musson-Genon(1987);
Forkel et al. (1984), (1987);
Bougeault (1981);
Bott et al. (1990);
Bott (1991);
Duynkerke (1991);
Vehil and Bonnel (1988);
Vehil et al. (1989);
Qian and Lie (1990);
Clark (1979);
Pandis and Seinfeld (1989).

4.2 Completeness of the parameterizations

Radiation enters into the equations of the dynamic fog model according to the model equations
in section 2.2. One way to evaluate the treatment of radiant energy is merely by the number of
interactions which are included. In this section the completeness of the various models
concerning the treatment of radiation is discussed. The models span a wide range of detail as
depicted in the following chart. The models' treatment of radiation increases in complexity from
top to bottom in the table. The table does not include all of the features of the models that have
been reviewed. Rather, the aspects of the models are necessarily limited to a fairly brief
description. Additional details from each may be found in the Appendix. Nevertheless, the table
does show the progression of completeness found in the various efforts.
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Net radiation is treated as a constant with no interaction with model dynamics. Example:
Schubert (1976) section A.2.1

Infrared radiation only is included based on absorption models.
Examples: Brown and Roach (1976), Brown (19W0) and Buykov and Khvorost'yanov
(1977), sections A.3.4, A.3.5 and A.3.6

Solar and infrared radiation is included but only using transmission functions, i.e. no
scattering.
Examples: Oliver et al. (1976), Bykova (1986) sections A.2.2 and A.3.9

Scattering is included in the solar region using a delta two stream method but not in the
infrared which is treated using a flux emissivity method.
Example: Musson Genon (1987), section A.3.12

Scattering is included in the solar and in the atmospheric window region using a delta two
stream method. In other portions of the infrared a flux emissivity method is used with a
grey body term included. Droplet settling is included as well as boundary layer aerosols
complete with effects of humidity on aerosol size. A surface moisture model is included.
Spectral featurzs of the radiation exchange are more fully resolved.
Example: Zdunkowski et al. section A.3.3

Scattering is included in the solar and in the atmospheric window region using a delta two
stream method. In other portions of the infrared a flux emissivity method is used with a
grey body term included. Droplet settling is included as well as boundary layer aerosols
complete with effects of humidity on aerosol size. A joint aerosol-droplet growth
equation is included with the effects of the solute on the value of the index of refraction.
A surface moisture model is included. Spectral features of the radiation exchange are
more fully resolved.
Example: Bott etal. (1990), Bott (1991), sections A.3.16 and A.3.17

"able 1. Table indicating the degree of completeness offered by selected models.

In addition to the models listed in the table, there were some entries which are discussed in the
Appendix that are in fact more detailed in their treatment of a particular process but have not
been included above because they are not truly fog models. An example of this is the entry by
Guzzi et al. (1980), section A.3. 11, which details the effect of the radiative environment on the
droplet growth but does not consider many of the other processes required to fully simulate the
fog life cycle.
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In evaluating the model's treatment of radiation the following aspects will be examined: a) Does
the model account for the effects of solar radiation? Although a fog model can simulate the
onset of a radiation fog without including solar radiation there will be a loss of generality since
doing so eliminates the effects of solar absorption in the boundary layer for the afternoon period
preceding the onset of the fog. Also, the dissipation of the fog cannot be modeled since
absorption of solar radiation is the primary mechanism responsible for dissipation. b) Does the
model include multiple scattering? The calculation of heating rates will only be approximate if
multiple scattering is neglected. c) To what degree is the fog considered as a homogeneous
layer in the vertical and horizontal? The assumption of horizontal homogeneity will also affect
the flux divergence. d) Are the effects of aerosols included. Aerosols affect especially solar
absorption but a!so alter the fog's mi.crophysics tspecially in a polluted boundary layer or if the
model is to be applied to multi-component fogs such as those which might be encountered in a
battlefield environment. e) What detail is included concerning the aspects of single scattering
i.e., do the fog particles consist of water only or is allowance made for solution effects when
calculating the absorption coefficients. Also, the ability to treat non-spherical particles would
be a plus for modeling of multi-component fogs as in a battlefield environment. f) The degree
of spectral resolution, or equivalently the effort to find accurate limited resolution schemes is
relevant. g) Although the dynamic aspects of the model are not under scrutiny here, any unique
aspects of the coupling of the radiative heating with the dynamic equations will be noted.

4.3 Aspects and limitations of radiative treatment common to all models

In order to avoid repetition it is worthwhile to list properties which are common to all the
models. First, it can be said that all models treat the fog or cloud particles as spheres thus
implying that the results of Mie theory are assumed. This limitation may not be explicit because
some models do not calculate Mie parameters; however, the parameterizations used invoke
artifacts of Mie theory which assumes spherical droplets. The extent of the shortcomings of this
treatment is not clear since no studies were found which detailed the effects of non-spherical
particles in cloud or fog models except for application more appropriate to ice particles in cirrus
clouds. Also, at the level of sophistication of currently accepted parameterizations (see sections
3.1 and 3.2), it is certainly not clear how the single scattering properties of irregularly shaped
particles might be introduced into a dynamically evolving fog layer.

Second, regarding homogeneity, all of the models treat the scattering or emitting process using
plane parallel techniques. Some clarification on this point is in order. There are non-
homogeneous effects which are caused by variation of liquid water content in the vertical (since
many of the radiative properties are parameterized in terms of the liquid water content).
However, even though such non-homogeneities will affect the value of absorption or emission
for a layer or even for a given grid volume for a 2-dimensional model, the effects of finite
geometry on the scattering or emission process itself are not included. Instead a plane parallel
radiative approximation is applied in each layer or each grid box as if the values affecting the
scattering or emission in the layer or grid volume extended infinitely far in the horizontal
direction. According to Welch et al. (1980), the width to height ratio of a cloud, 0.46 km thick,
must approach a value of 240 before the energy escaping the sides is insignificant compared to
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the absorption.

Third, almost all of the models include thermal emission since it is the radiative process
responsible for the formation of the fog. Clark (1979) and Bougeault (1981) are the exceptions.
Clark (1979) describes a dynamic cloud model for vigorously developing systems as in
thunderstorms in which the role of radiation is considered to be secondary. Bougeault (1981)
describes a higher order closure model and ignores the effects of radiation.

Fourth, all the models introduce the effects of radiative heating/cooling in the thermodynamic
energy budget equation in more or less the same way; see section 2.2. The only discussion of
a possible exception to this convention is in the second order closure model of Oliver et at.
(1976) in which second order correlations between the raditive flux and optical mass, virtuai
temperature or mixing ratio are mentioned but disregarded because the coefficients needed to
include such correlations are completely unknown.

The following sections will discuss the remaining aspects of radiation modeling pertinent to the
fog model as they are handled in the various efforts.

4.4 Inclusion of the effects of solar radiation

Solar radiative effects are included in a few of the models reviewed but with varying degrees of
sophistication. The Schubert papers (1976 and section A.2.1) all use a diurnally varying
monospectral solar absorption value. While this allows some influence of solar radiation to be
examined it does not permit the investigation of an accurate assessment of solar absorption due
to droplets and aerosols. Modeling of the effects of aerosols in solution and the effect of solar
radiation on droplet growth are thus excluded. Thus, this approach is not desirable for treating
the effects of multi-component fogs. The only advantage of entering the solar absorption in this
way is the economy of the computing resources which would otherwise need to be allocated to
the calculation. The model concentrates on the boundary layer and the net solar radiation is
input as an energy source for the layer. No consideration is given to cloud free conditions within
the boundary layer.

In Oliver et al. (1976 and A.2.2) and Bykova (1986 and A.3.9), solar radiation is considered
without the effects of scattering by using a transmission function. The transmission function uses
a constant for the absorption coefficient, which has been averaged over the solar spectrum. As
a result, the absorption of the direct beam has no interaction with changing cloud microphysics
except for coupling to the liquid water content in the usual exponential expression for
transmission. The transmission function takes into account the absorption by water vapor, CO,
and the water droplets which constitute the cloud or fog. No detail of the averaging procedure
regarding spectral resolution or overlap is given. The method is not adaptable to treatment of
multi-component fogs unless new transmission functions are derived for that situation. The
reader is referred to the Appendix for listing of the boundary conditions.

A unique approach to the role of multiple scattering is presented by Ohta and Tanaka (1986 and
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A.3.7), who describe a P, method that actually solves for the radiance or intensity rather than
the irradiance. In some sense this order of calculation is more sophisticated than the two stream
methods used in almost every other instance for calculating the effects of multiple scattering.
There is no advantage to adding this level of definition of the radiative stream since it is only
the heating rate which ultimately enters the dynamic system and this is determined solely by the
vertical flux divergence. However, if the effects of non-spherical particles were desired, it may
be advantageous to use a treatment of multiple scattering with greater angular resolution than the
more common two-steam approaches since it is likely that the angular variation of the intensity
would become important. The effects of Rayleigh scattering and scattering by cloud droplets are
included. Absorption by ozone and water vapor is modeled, but no detail of the exact
transmission functions is given. Spectral resolution is at the band model level; i.e. for water
vapor band absorption models centered at 0.94, 1.10, 1.38, 1.87, 2.70 and 3.40 Am were used.
A separate band model was used for ozone. This method improves upon those above for the
treatment of solar radiation and is probably adequate as long as multi component fogs are not
modelled (here again unless an entire new approach is used for the transmission functions).
Horizontal homogeneity is assumed. Boundary conditions are given in the Appendix.

The numerical model of Musson-Genon (1987 and A.3.12) uses a parameterization for solar
radiation designed for use in a GCM. The parameterization has been named the "SUNRAY"
algorithm and is the subject of a separate paper by Fouquart and Bonnel (1980). The
parameterization has been tailored so that especially the total column heating or cooling rates
would compare favorably with other parameterizations. The effects of Rayleigh scattering are
included by modifying the reflection coefficients of the layers above and below the layer of
interest. Horizontal non-homogeneity is approximated by maintaining the fraction of unscattered
radiation entering a given layer from above and treating the other fraction as an isotropic field
below the cloud through which it scattered, although this feature is not carried over into the fog
model application. Spectral resolution is achieved using methods based on the k distribution
approach discussed in section 3.2 and similar to the EAM (Exponential Absorption Method) and
the EFM (Exponential Fit Method) as discussed in Zdunkowski eral. (1982 and Section A.3.3),
and apparently a monospectral approach was developed. Scattering by droplets is considered by
specifying values of reflectance and transmittance for high, middle and low clouds, although the
effect of the cloud's multiple scattering on column absorption is accounted for by using
predetermined photon path distribution statistics. This parameterization appears to be well
conceived and fairly comprehensive for use in a GCM. It does not necessarily follow that it is
an appropriate treatment of solar radiation in fog models. For example, it is not until a paper
by Vehil and Bonne! (1988 and section A.3.19) that the scattering properties are adjusted for fog
microphysics. The approximation for horizontal inhomogeneity is on a spatial scale that is likely
inappropriate for use in fog models even if it had been used. Transmission and reflection of
clouds are fixed(at least in the model description cited) and thus no allowance is made for
changing microphysics and therefore limiting application to water clouds only until new
transmission and reflectance values are introduced. Finally, there is no interaction between the
droplet growth and the radiative environment.

The most sophisticated treatment of solar radiation in the fog models reviewed here is that which
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has evolved in a series of papers by Zdunkowski's group including; Bott et al. (1990 and section
A.3.16), Bott (1991 and section A.3.17), Forkel et al. (1984 and section A.3.13, 1987 and
section A.3.14), Welch et al. (1976, 1986 and section A.3.8), Zdunkowski and Nielson (1969),
Zdunkowski et al. (1966, 1979, 1980 and section A.3.2, 1982 and section A.3.3). The history
of the model's development is not important so only the most recent version will be discussed.
The model uses a delta-two stream method called the PIFM (Practical Improved Flux Method)
to account for the effects of multiple scattering. According to Zdunkowski et al. (1980 and
section A.3.2) the PIFM is the most physically relevant of many of the two stream methods;
however, Harshvardhan and King (1993) indicate the delta-Eddington to be most generally
acceptable. Particles are assumed spherical through the expression of critical scattering
parameters in terms of the IPgendre expansion coefficients from Mie theory, although if the
same parameters are available from other calculations or measurements one could argue that this
limitation could be removed. The same condition would apply to all similar two stream models.
Spectral resolution has been thoroughly treated. The solar spectrum is divided into four regions
and each of these broken down into several sub regions (from 5 to 7) using the EFM and EAM
discussed in sections 3.2 and A.3.3. The spectrum was resolved separately for each attenuating
material including scattering by dry air, aerosols and water drops, and absorption by water
vapor, ozone, NO2, and CO2. Spectral overlap was accounted for. In the later versions of the
model, Bott (1991), specific aerosol distributions were specified as part of the initial conditions
for model simulation. The radiative effects on droplet growth as they affect the joint aerosol-
droplet distribution were included. The solute effects on the index of refraction were also
accounted for, although treatment of the joint distribution as a function of wavelength required
a table look up from the results of 1.2 X 106 Mie calculations. This type of treatment could in
theory be applied to multi-component fogs; however, as is evident from the number of Mie
calculations required, if more that two components are included the approach could require a
tremendous investment in computer resources even though these calculations may be carried out
a priori. As in all other models reviewed horizontal homogeneity was assumed even though the
model was originally compiled for a GCM in which cloudy and clear columns were separately
maintained.

4.5 Treatment of radiation in the infrared

The simplest treatment of the infrared radiation exchange is included in the Schubert (1976 and
section A.2. 1) stratocumulus model for which the net flux divergence is specified as a constant
of 90.0 watts m-2 and is applied at an infinitesimally thin layer at the top of the cloud layer.
Arguments similar to those made concerning the treatment of solar radiation apply in the IR as
well. The value was based on measurements typical of top of the marine stratocumulus boundary
layer. The constant value allowed dedication of the limited computer resources of the mid 1970s
to be concentrated on the dynamics of the simulation.

A flux transmission method is applied in Oliver et al. (1977 and A.2.1). The value of the
absorption coefficient is taken from Feigel'son (1970) and is an average over wavelength and
applied for a mean drop size of 6.0 pm. Scattering is ignored. Consistent with the treatment
of solar radiation there is no interaction between the droplet growth rate and the radiative
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environment. The spectral resolution is limited to the single averaged value for the absorption
coefficient, which takes into account the effects of water droplets, water vapor and carbon
dioxide. Cloudy/foggy conditions are simulated by merely adding the droplet absorption
coefficient to the value for the clear sky conditions. This method is simple to apply but is not
applicable to multi-component fogs unless new absorption coefficients are derived. Values of
the fluxes imposed at the boundaries may be found in the Appendix.

The flux transmission method is also applied in Brown and Roach (1976 and section A.3.4), and
in Brown (1980 and section A.3.5) except that the parameterization of the absorption efficiency
factor in terms of the particle radius is cited (as in section 3.1) in order to obtain the absorption
coefficients. A separate value of the coefficient for the regions inside and outside the
atmospheric window define the spectral resolution and include the effects of water vapor, carbon
dioxide and droplets. There is no treatment of scattering in the infrared. The parameterization
of the absorption coefficient becomes more important in the later paper by Brown with the
introduction of a droplet growth equation which is a function of the radiative environment of the
droplets. This coupling is a significant formal advance in the numerical model; however, the
model only follows the growth of the number of droplets in each of several droplet size bins.
The method introduces some complications because it does not conserve the liquid water content
adequately. This inclusion of a droplet growth equation in conjunction with the parameterization
of the absorption coefficient is a first step toward the ability to handle multi-component fogs but
it is unclear if a proper parameterization for the absorption coefficient could be formulated for
such a medium.

In Buykov and Khvorost'yanov (1977 and section A.3.6) the infrared radiation transfer is
handled in much the same manner as in Brown (1980) except that it uses alternate expressions
for the droplet growth equation and a different form of the parameterization of the absorption
coefficient. Spectral resolution is moderate with radiative heating calculated at 32 wavelengths
between 5 and 32 pm. At this level of review it is not possible to determine the differences in
the effects caused by the two approaches. For similar reasons as stated above the approach does
not lend itself to application in a multi-component fog scenario.

The same level of approximation is found in the Musson-Genon (1987 and section A.3.12)
model. A flux emissivity approach is used where the emissivity for water vapor rotation and
vibration regions, for carbon dioxide and for the water dimer are taken from separate band
models and the transmissivity due to droplets is computed from a flux transmission function using
a constant absorption coefficient which implies a monospectral treatment for transmission due
to droplets.

A P, method which is similar to the one used in the solar is also used for the IR transfer in Ohta
and Tanaka (1986 and section A.3.7), with the Planck function in the source term. As
mentioned above, the method solves for an approximate intensity rather than a flux value.
Except for the possible benefit when used with non-spherical particles, this level of angular
resolution is also questioned in the application in the infrared where again flux divergences only
are required. The method requires that the Planck function be expressed as a function of optical
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thickness only and this is accomplished using a third order polynomial; however, it is not clear
how temperature variations are retained in this formulation. Either the entire fog layer is

assumed to be isothermal in this approach or several isothermal layers must be modeled using
a separate solution in each layer. The IR spectrum was resolved into three regions, from 4.2-8.0
pLm for the water vapor vibration band, from 8.0-12.0pm for which a dimer model is used and
from 12.0-65.0 ;m which includes the 15.0 pm carbon dioxide and water vapor rotation bands.

The only modeling approach which considers scattering in the IR is the group of models put forth
by Zdunkowski's group. The latest of these efforts retains most of the features of the 1982
radiation model that is rather thoroughly described in section A.3.3. This model uses the same
PIFM delta-two stream approach as was used in the solar region to include the effects of
scattering in the IR window region. The absorption from ozone, water vapor, the water vapor
dimer and droplets is also included using methods listed in the tables of section A.3.3. Spectral
overlap is accounted for. In the spectral regions surrounding the window, where absorption plays
a more significant role, a flux emissivity method is used. However, this method is somewhat
advanced relative to that described in section 3.1 since it includes a separate grey body emission
term for aerosols and clouds. In the early versions of the model, droplet distributions were
selected as a function of the fog life cycle. Later, a droplet growth equation was incorporated
and in the last upgrade in this area, a joint droplet-aerosol distribution was used in which the
droplet's growth is affected both by the solution and radiative effects. The solute effects on the
index of refraction of the droplet are also used to determine the absorption coefficient. This
model is close to the point at which it could be adapted for use with a multi-component fog. In
its latter form with joint aerosol-droplet distributions, an interpolation in a table computed from
1.2 million Mie computations spanning wavelength, and aerosol and droplet size ranges is used.
From this figure it is clear that the approach would require a large ancillary effort if more than
two components are used and if the size distribution of each is allowed to change.

4.6 Treatment of processes related to radiation exchange

The majority of this report has concentrated directly on the treatment of the radiative exchange
itself. At this point it is worthwhile to note that various other processes affect the rates of
radiative heating or cooling indirectly, but which are nevertheless rather strongly coupled to the
radiative effects. One of these which has been mentioned several times above is the coupling
of the rate of droplet growth with the radiative environment. One of the earlier accounts of this
effect may be found in Roach (1976), and it is incorporated in the radiation fog model by Brown
(1980 and section A.3.5). A different approach found in Buykov and Khvorost'yanov (1977
and section A.3.6) includes a term to account for the temperature difference between the droplet
and its surroundings. This is an approximation to include the IR effects on the growth of the
droplets. Guzzi (1980 and section A.3. 11) studies this effect in detail with the conclusion that
the larger droplets grow at the expense of the smaller drops when the radiative term is included.
The most complete treatment of this effect is in Bott et al. (1990 and section A.3.16) wherein
it is postulated that one of the contributing factors to short term oscillations in the droplet density
is the enhanced growth of larger droplets and subsequent gravitational settling. The treatment
indicates the need to integrate the radiance field over the surface of the droplet in order to obtain
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the correct contribution to the radiative budget of the drop. This feature is important for the
modeling of multi-component fogs from at least two standpoints. First, if a fog includes
particles with a low scattering albedo, especially if droplets grow with some of these particles
as nuclei, then the absorption of solar radiation by the modified droplets may dramatically alter
its rate of growth. Second, if the foreign particles are non-spherical, then the angular variability
of the incident radiance field must be taken into account to adequately evaluate the effects of the
non-sphericity during initial stages of growth, again assuming the particle serves as host nuclei.

The next process which affects the radiative exchange, and which is related to the size of the
drop, is the modeling of the droplet fall speed. The fall speed depends on the size of the droplet
and is coupled into the equations through the prognostic equation for the size distribution as a
loss term for a droplet of a given radius. The correct modeling of the fall speed is important
then since it affects the size distribution of the droplets. Additionally, this process is important
in order to evaluate the surface emissivity. As the droplets fall to the surface the emissivity
changes and, depending on when this occurs in the fog life cycle, may significantly affect the
IR budget of the lower layers of the fog.

Finally, it is important to consider the exchange of surface fluxes between the atmosphere and
the ground. Although almost all models include a term for the exchange of radiant energy with
the surface, only a few consider sensible heat, vapor and liquid water fluxes. In the initial stages
of the fog life cycle the radiative exchange of the surface layer with the surface may play a
crucial role in the initial fog formation. This exchange will depend on the surface emissivity,
as the fog develops fluxes of sensible and latent heat and water fluxes. Little has been included
in this report concerning this aspect of the fog model. More information may be found in Forkel
etal. (1984).

4.7 Summary of major modeling efforts

The next several pages are one page summaries of the radiation models which typify those of the
fog/cloud modeling efforts.
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Cloud Topped Nixed Layer by Schubert (1976) and Lilly (1968)

SOUAR

Scattering Scattering is not explicitly calculated; a precalculated fixed value for
flux divergence at cloud top is used.

Absorption Absorption is calculated a priori.

Scattering Single a priori calculation of flux divergence, no separate modeling of these processes

within model.

Absorption Sue as above.

Emission Same as above.

Geometry Plane parallel approximation - horizontal homogeneity

Homogeneity Net flux divergence introduced in an infinitesimal layer at the top of the mixed layer

Spectral No explicit spectral resolution ... net radiation entered as a single constant
Resolution

Numerical Single value of flux divergence is introduced with into thermodynamic energy equation.
Methods

Coupling No coupling to dynamics.
with
dynamics
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The Interaction Between Turbulence and Radiative Transport in the Development of Fog and Low Level

Stratiu by Oliver, Levellen and Nilliamson 1976

SOLAR

Scattering Not included

Absorption Water vapor, carbon dioxide and droplets

Scattering Not included

Lbsorption Water vapor, carbon dioxide and droplets

hission Water vapor, carbon dioxide and droplets

Geometry Plane parallel approximation in both the solar and infrared

Homogeneity Non homogeneity is introduced by variations in the water vapor iixing ratio and
liquid water content which determine the value of the absorption coefficients.

Phase Phase functions are not calculated in this two stream model.
Function
Constraints

Spectral Radiation stream divided into a single broadbanded solar and single broadbanded
Resolution .nfrared spectral interval.

Numerical Transmission functions are derived from the work of Feigel'son (1970). Droplet
Nethods distributions are not calculated.

Coupling Coupling is indirect via changes in water vapor and liquid water, although the
with possibility of including the perturbation in radiative energy in t'e second order decay
dynamics term is discussed.
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Radiation Fog by Welch, Zdunkowski and Cox

SOLA

Scattering Droplets and aerosols

Absorption Water vapor, carbon dioxide, ozone, droplets and aerosols

IMPRARED

Scattering Droplets and aerosols (window region only)

Emission Water vapor, ozone, carbon dioxide, droplets and aerosols (aerosols in window region
only)

Absorption Water vapor, ozone, carbon dioxide, droplets and aerosols (aerosols in window region
only)

GINERAL

Geometry Plane parallel approximeticn is used in both the solar and infrared.

Homogeneity Non homogeneity is apparently introduced by the variability of liquid water
content and water vapor mixing ratio and their effects on transmission and on and
volume extinction coefficients.

Phase Phase functions are not explicitly calculated. Instead, a delta method is used which
Fwuction determines the significant scattering parameters in terms of the fractional

backscattering coefficients for diffuse and primary scattered parallel light, the
fraction of primary light scattered into the forward peak and diffusivity factors.

Spectral The solar spectrum is dividera into four main intervals. In each of these the water
Resolution vdpor transmission function -.s expanded in a series of five or six exponential terms

which are each assigned individual v•lume extinction and absorption coefficients for
droplets and aerosols. !be window region is treated in much the same manner as the
solar in which a four term EFK method is used for ozone and a water dimer calculation
is included. Droplets and aerosols are assumed to be qrey in the window region.

..imerical Droplet size distributions are not calculated in mode'. Volume extinction and absorption
Nethods coefficients are ralculated a priori by assnaing a modified gamma distribution for

droplets which are characteristic of various stages of the fog life cycle and are fit
as a function of liquid water content and wavelength.

Coupling ;et radiation enters the thermodynamic energy equation. Coupling is indirect via
with changes in water vapor and liquid water, although the fog layer is coupled to the
dynamics surface via the surface radiation budget.
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The Physics of Radiation Fog by Brown and Roach (1976)

SOLUR

The effects of solar radiation are not included in the model.

Scattering Scattering is not included in the model.

Emission Water vapor, carbon dioxide and droplets (no aerosols)

Absorption Water vapor, carbon dioxide and droplets (no aerosols)

GERM

Geometry Plane parallel approximation is used.

Homogeneity Von homogeneity is apparently introduced in the vertical by the variability of liquid
water content and water vapor mixing ratios and their effects on transmission and
absorption efficiencies.

Phase Phase functions are not calculated since scattering is not included.
unxction

Spectral The infrared spectrum is divided into two broad intervals, one for the atmospheric
Resolution window and the other for the remainder of the spectrum.

Numerical Droplet size distributions are not calculated in model. Volume absorption
Methods coefficients are approximated using a linear relationship between absorption

efficiency and droplet radius, resulting in functional relationship between
droplet transmission and liquid water content.

Coupling Net radiation enters the thermodynamic energy equation. coupling is
with indirect via changes in water vapor and liquid water in the vertical only. Surface
dynamics emission is included.
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A numerical study of radiation fog with explicit formulation of the microphysics by Brown (1980)

SOUAR

The effects of solar radiation are not included in toe model.

Scattering scattering is not included in the model.

Emission Water vapor, carbon dioxide and droplets (no aerosols)

Absorption Water vapor, carbon dioxide and droplets (no aerosols)

Geometry Plane parallel approximation is used.

Homogeneity Non homogeneity is apparently introduced in the vertical by the variability of liquid
water content and water vapor mixing ratios and their effects on transmission and
absorption efficiencies.

Phase Phase functions are not calculated since scattering is not included.
Function

Spectral ?be infrared spectrum is divided into two broad intervals, one for the atmospheric
Resolution window and the other for the remainder of the spectrum.

Numerical Droplet size distributions are approximated in model as a function of height. Volume
Netbods absorption coefficients are calculated by integrating the absorption efficiency over the

size distribution and applying a diffusivity factor to estimate the correction for
nonparallel radiation streams.

Coupling let radiation enters the thermodynamic energy equation. Coupling is direct via changes
with in droplet distributions. Coupling of radiation with droplet growth included in droplet
Dynamics growth equation. Surface emission is included. Visual range may be calculated since

droplet distribution is known.
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formation and evolution of radiation fog and stratus clouds in the atmospheric boundary layer by
N.V. Buykov and V. L. whvorost'yanov (1977)

SOLAR
The effects of solar radiation are not included in the node).

Scattering Scattering is not included in the model.

Emission Water vapor and droplets (no aerosols)

Absorption Water vapor and droplets (no aerosols)

GEEAL

Geometry Plane parallel approximation is used.

Romogeneity Mon homogeneity is apparently introduced in the vertical by the variability of liquid
water content and water vapor mixing ratios and their effects on transmission and
absorption efficiencies.

Phase Phase functions are not calculated since scattering is not included.
Function

Spectral The infrared spectrum (5-35 pim) is divided 32 wavelength regions.
Resolution

Numerical Droplet size distributions are approximated in model as a function of height. Volume
Nethods absorption coefficients are calculated by integrating the absorption efficiency over the

size distribution and applying a diffusivity factor to estimate the correction for
nonparallel radiation streams. Droplet absorption coefficients are calculated using
exact Nie calculations and Shifrin's interpolation formula. Wavelengths are chosen in
such a way as to approximate the spectral trend in the vapor absorption coefficients.

Coupling Net radiation enters the thermodynamic energy equation. Coupling is direct via changes
with in droplet distributions. Coupling of radiation with droplet growth not explicitly
Dynamics included in droplet growth equation, but a factor which accounts for the difference in

droplet and air temperatures is included. Surface emission is included. Visual range
may be calculated since droplet distribution is known.
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A numerical study of the formation and the dissipation of radiation fogs by Sachio Obta and Nasayuki
Tanaka(1986)

SOLAR

Scattering Air molecules in the visible, water droplets and surface reflection. Matrix adding method is
used. No scattering in the near infrared by gases

Absorption Water vapor and ozone.

Scattering Scattering is not inclded in the IR

Emission Water vapor, carbon dioxide and droplets (no aerosols)

Absorption Water vapor, carbon dioxide and droplets (no aerosols)

cm

Geometry Plane parallel approximation is used.

Homogeneity Mon homogeneity is apparently introduced in the vertical by the variability of liquid water
content and water vapor mixing ratios and their effects on transmission and absorption
efficiencies and also possibly by vertical variation in the concentration of 03

Phase Phase functions are calculated from lie theory for droplets only using a modified gamma
Function distribution.

Spectral For absorption, a band in the visible is included for ozone which includes scattering. In the
Resolution near infrared, band models at 0.73, 0.81, 0.94, 1.1, 1.38, 1.87, 2.7, and 3.4 im are included

without scattering. The infrared is divided into three spectral regions; 4.2-8.0, 8.0-12.0 and
12.0-62.5 pm regions. The first region includes only the effects of the 6.3 lm water vapor
band. In the window a diver continuum model is used. The 12.0-62.5 p region includes the
15.0 jm C2 band and the pure rotation band due to water vapor.

Numerical Droplet size distributions are calculated a priori and are not adjusted in the model. Droplet
Nethods extinction coefficients are calculated from Kie theory from this distribution. in the visible

a matrix adding method is used to consider the effects of scattering due to air molecules.
Otherwise a P3 method is used to include scattering by droplets and emission as a source
function.

Coupling Net radiation enters the thermodynamic energy equation. No coupling through size distribution.
with A rather thorough treatment of the surface beat transfer is included.
dynamics
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Numerical simulation of a fog event with a one-dimensional boundary layer model by Luc

Nusson-Genon (1987)

SOLUR

Scattering Rayleigh scattering, cloud reflection and transmission calculated at a single conservative
wavelength. Reflectivity is fixed (apparently) computed by modified exponential kernel
method.

Absorption Water vapor, ozone and carbon dioxido by approximating the absorber amount based on path
derived from conservative scattering c39*AUA RAU
AU39A\A\]n

No scattering in the infrared
Scattering

Water vapor and diver, carbon dioxide and droplets (no aerosols).
Emission

Water vapor and diver, carbon dioxide and droplets (no aerosols).
Absorption

GEDAL

Plane parallel approximation is used.
Geometry

Non homogeneity is apparently introduced in the vertical by the variability of liquid water
lomogeneity content and water vapor mixing ratios and their effects on transmission and absorption

efficiencies and also possible by vertical variation in the concentration of 03. Sub grid
scale saturation relaxed in radiative treatment.

Phase functions are calculated from Nie theory for droplets only in solar using 'delta'
Phase approximation.
Function

In IR band models are used. A single band is for the each of the fol'owing: the 6.3 pa
Spectral water vapor band, the 15 pm 002 band, the water vapor dimer in the atmospheric window and
Resolution an additional band for water vapor at 15 pm. The transmission in the IR through water

droplets is handled with a simple exponential using a fixed extinction coefficient. In the
solar scattering is considered at a conservative wavelength after which absorption by gases
are calculated using two term (strong plus weak) formulation.

A solar radiation heating scheme that was tailored for use in a GCK is used. Cloud
Numerical reflectivities are calculated for conservative scattering after which photon path lengths
Nethods are estimated and absorption due to strong and weak intervals for gases are calculated. A

mean drop radius of 5.0 pm is used. Droplet distributions are not adjusted. Sub grid scale
saturation algorithm is used in dynamics but not in radiative scheme. Visibility field is
calculated.

Net radiation enters the thermodynamic energy equation. No coupling through size
Coupling distribution. A large scale 3D model is used to calculate temperature and moisture fields
with before the 1D fog model is applied.
dynamics
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A Radiation Fog Model with a Detailed Treatment of the interaction between radiative transfer and

fog microphysics, by Bott, Sievers and Mdunkowski (1990)

SOLUR

Scattering Droplets and aerosols

Absorption Water vapor, ozone, carbon dioxide, droplets and aerosols

Scattering Droplets and aerosols (aerosols in window region only)

Emission Water vapor, ozone, carbon dioxide, water diver, droplets and aerosols (aerosols in
window region only)

Absorption Water vapor, ozone, carbon dioxide, water diner, droplets and aerosols (aerosols in

window region only)

Geometry Plane parallel approximation is used in both the solar and infrared.

Homogeneity Non homogeneity is apparently introduced by the variability of liquid water content and
water vapor mixing ratio and their effects on transmission and on and volume extinction
coefficients.

Phase Phase functions are not explicitly calculated. Instead, a delta method is used which
function determines the significant scattering parameters in terms of the fractional

backscattering coefficient for diffuse and primary scattered parallel light, the
fraction of primary light scattered into the forward peak and diffusivity factors.

Spectral ?be solar spectrum is divided into four main intervals. In each of these the water
Resolution vapor transmission function is expanded in a series of five or six exponential terms

which are each assigned individual volume extinction and absorption coefficients for
droplets and aerosols. ?be window region is treated much like the solar with a 4-term
EPM method for ozone, a continuum model for water vapor and grey body emission for
aerosols and droplets.

Numerical A joint aerosol-droplet growth equation is used which includes the effects of the
Methods radiative environment on the growth rates. Volume extinction and absorption coefficients

are calculated a priori by assuming a modified gamma distribution for droplets and
aerosols from 1.2 million Mie calculations. Table look up is performed in model to
obtain extinction and scattering coefficients. Solute effects are included in
calculation of index of refraction.

Coupling let radiation enters the thermodynamic energy equation. coupling is direct via effects
with of radiation on droplet growth.
dynamics
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5.0 Recommendations for naturally occurring and for multi-component fog modeling

The previous sections have summarized the types of radiative parameterizations used in GCMs
and climate models and those used specifically in fog models. The Appendix presents a rather
detailed summary of the radiative treatments found in fog models. Some of the fog models
incorporate a fairly comprehensive treatment of the radiative exchange. In fact, if one is
concerned with investigating naturally occurring fog events, the model described by Bott et al.
(1990 and section A.3.16) is arguably a state of the art effort and would be a valuable tool for
investigating the behavior of the fog life cycle. The model includes a carefully thought out
resolution of the spectrum in both the solar and infrared, includes all the known absorption
mechanisms including aerosols, accounts for the radiative effects on droplet growth, accounts for
droplet settling, includes a sophisticated treatment for the exchange of surface fluxes, and
accounts for the effects of multiple scattering in both the solar and infrared in the atmospheric
window region. In fact, the parameterization seems relatively complete; however, there are at
least two areas where improvements may be considered.

Recommendation: For naturally occurring fogs, the Bon et al. (1990) model represents a
valuable tool for investigation of the fog life cycle. Specifically, the two stream approach may
be used for including the effects of multiple scattering. In fact, several variations of the delta
two stream approach are easily programmed and the best method might be determined from
comparison with measurements. Horizontal non-homogeneities may be important in studies of
convective dissipation offog layers.

5.1 The role of horizontal non-homogeneity

The first is in the area of fog homogeneity. Research which dates back to the early 1970s
indicates that radiative transfer in media with finite horizontal dimensions requires special
treatment due to the ability of the radiative energy to exit or enter the sides of the media Busygin
et al. (1973), McKee and Cox (1974), Davis et al. (1979). This aspect of radiative transfer has
received a good deal of attention in the past twenty years without a truly suitable solution. The
original investigations used Monte Carlo methods to explore the effects of the finite geometry
and methods more analytic in nature have been used more recently to generate results; however,
both the original Monte Carlo approaches and the newer analytical approaches are extremely
CPU intensive. Thus, it is unlikely that either approach is suitable for use in a dynamic fog
model which may only allocate a fraction of the total computational resources to the radiative
computation. In a radiation fog scenario the finite geometrical effects apply more in the sense
of non-homogeneities or "patchiness" rather than the isolated cloud structures which attracted so
much attention early on. It is interesting to note that for this type of structure results from
Monte Carlo modeling indicate only slight differences between plane parallel results and finite
geometry calculations. For example, Welch et al. (1980) show results of Monte Carlo
calculations which indicate virtually no difference occurs in values of solar radiation absorbed
by clouds whose extinction coefficient fluctuates randomly throughout a horizontally infinite layer
compared to the same calculation for a homogeneous layer using the average of the variable
extinction coefficient. Due to the relatively more isotropic nature in the IR radiance field the
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results for calculations in the infrared are likely to show even smaller differences. Thus, these
results would seem to indicate that finite geometrical effects are not crucially important in
considering the effects of multiple scattering if average values of variable optical parameters can
be determined and used in a plane parallel radiative transfer model.

Recommendation: Modeling the effects of horizontal non-homogeneity may not be crucial to
understanding the fog life cycle. Efforts should be placed in understanding the magnitude of
horizontal non-homogeneities in quantities affecting the radiation exchange (such as liquid water)
so that average optical parameters could be denived for the fog layer and used in a plane parallel
multiple scattering model.

5.2 The need for modeling of the role of surface vegetation

The second area which has largely been neglected is the treatment of the effects of surface
vegetation. The only study to mention the possible effects on the emissivity of surface vegetation
was in Brown and Roach (1976 and section A.3.4), although Forkel et al. (1984 and section
A.3.13) study the effects of a dry or moist surface layer. In the initial period of fog formation
the amount of IR radiative exchange between the atmosphere and the ground is of critical
importance. The value of the emissivity of the surface may impact this exchange process to a
large extent depending on the temperature differences between the lower atmosphere and the
surface. Thus, the extent to which the surface is covered by vegetation is important. The
vegetation will also have a role in the exchange of the other fluxes as well (especially in the
moisture flux) at the surface.

Recommendations he early development of the model's treatment of radiation should allow for
the effects of a time variation in the surface emissivity and attention should be placed on the
vertical resolution of the lower atmospheric layers so that proper radiative exchange with the
surface can be modeled.

5.3 The multi-component fog scenario

One of the goals of this review is to comment on the applicability of current models to multi-
component fog scenarios. Although the Bott et al. (1990) effort comes the closest to providing
the framework to include these effects, deficiencies still exist. Thus, some specific
recommendations are in order regarding the multi-component fog scenario. First, it is necessary
to specify the optical properties of the fog layer. In the more advanced treatments of radiation
great care was taken to assess the requirements of spectral resolution. If foreign substances are
introduced there is a need to reevaluate the way absorption is modeled. If new gases are
involved it would be worthwhile to consider a modified k-distribution approach to specifying the
absorption for the combined foreign and natural gases, even to the extent of modifying the
temperature used in the calculation of line intensities. Temperatures more typical of the lower
atmosphere might be considered and spectral overlap could be taken into consideration at this
level.
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Recommendation* If multi-component fogs would include the introduction offoreign gases into

the atmosphere spectral resolution should be modeled using an approach such as the k-distribu-
tion method to model the absorption including regions of spectral overlap with the naturally
occurring gases.

It is more likely that a multi-component fog scenario implies the presence of aerosols which have
been artificially introduced to achieve a desired effect. Such aerosols will be referred to as
foreign aerosols hereafter. In this case it is important to know if the aerosols are hygroscopic.
If not, their introduction causes no unusual complication barring the effects of non-spherical
particles; see below. In the case of particles which can be considered spherical, the treatment
would take an analogous course as with the water droplets. If it is assumed that the size
distribution of the foreign aerosol is constant then Mie calculations would be made a priori for
the size distributions and at a spectral resolution compatible with the spectral resolution imposed
by consideration of the gaseous components. The resulting extinction, absorption and scattering
coefficients would be combined with those of the gases and naturally occurring aerosols to form
composite optical depths. Composite single scattering albedos and other scattering parameters
as may be required by the multiple scattering algorithm would be a weighted combination of the
various constituents using the respective extinction, absorption and scattering coefficients as
weighting coefficients.

If the microphysical distribution of the foreign aerosols changes as a function of time the
individual Mie calculations of the extinction, absorption and scattering efficiency factors would
be maintained as a function of size and wavelength. As the respective sizes of droplets and
foreign aerosols change (independently assuming the foreign aerosol is non-hygroscopic),
appropriate extinction, absorption and scattering efficiencies may be integrated over the size
range of the respective distributions of foreign aerosols and droplets and independent extinction,
absorption and scattering coefficients derived and used as weighting coefficients as described
above in the implementation of the multiple scattering algorithm.

The case of hygroscopic foreign aerosols presents perhaps the most difficult challenge. If the
foreign aerosols act as nucleation aerosols or merely form water coatings then the microphysical
distributions may not be considered as independent. This case is similar to that described in Bott
et al. (1990 and section A.3.16) in which the microphysics of nucleation aerosol and fog droplets
are described by a joint distribution. In that study a droplet growth equation was used to
generate a time dependency of the joint distribution. A similar approach could be taken if more
than one aerosol type is involved although the size of the required tabulations might become
prohibitively large. For example, in order to retain the necessary information to calculate
volume extinction, absorption and scattering coefficients for a single type of nucleation aerosol,

1.2 million Mie calculations were performed and the results tabulated a priori in the Bott et al.
study. Within the fog model the results of the tabulations were interpolated as a function of size
and wavelength to obtain the extinction, absorption and scattering efficiencies of the joint
distribution. Introducing a third component would expand this tabulation requirement by a factor
equal to the number of size increments for the foreign aerosol. The number enters as a factor
because of the requirement to combine separate values of indices of refraction, weighted by the
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volume fraction of the drop which is comprised by each component, to form the effective index
of refraction in the Mie calculations of extinction, absorption and scattering efficiencies. If the
foreign aerosol is hygroscopic, an alternate approach might be to examine the anomalous
diffraction approach for the parameterization of the single particle scattering albedo as mentioned
at the end of section 3.2 above.

Recommendation: Determine early in the development of the model the properties of the foreign
aerosols and select an acceptable approach to the multi-component problem.

Finally, it is possible that multi-component fogs will introduce the complication of non-spherical
particles. It would seem that non-spherical particles introduce no additional complications other
than that their single particle scattering features must be obtained by means other than
computations based on Mie theory. If the non-spherical particles are not hygroscopic then
separate determination of their scattering features may be pursued using an algorithm such as the
discrete dipole method. Alternately, it may be possible to obtain field or laboratory
measurements which supplant the need for calculations. If the particles are hygroscopic then Mie
scattering calculations may again be used for the nucleated or coated droplet.

Recommendation: aDetermine if non-spherical particles are part of the multi-component fog
scenario. Determine the single scattering features of the aerosols using an approach such as the
discrete dipole algorithm.

6.0 Summary

This report has presented several types of parameterizations commonly used in cloud and fog
models in order to calculate the effects of radiant energy exchange in both the infrared and solar
portions of the spectrum. The types of parameterizations used in several models of radiation fog
have been summarized in the main text and detailed in the Appendix along with a few summaries
of supporting studies. In general, the treatment of radiant exchange includes spectral resolution
at the level of band models, whether band models are used explicitly or whether the radiation
stream has been divided using 'a sum of exponentials" approach. All of the studies use a plane
parallel approximation in one form or another and all assume spherical particles for droplets and
aerosols. The more sophisticated studies use a delta-two stream approach to account for the
effects of multiple scattering. A few of the models include a prognostic equation which links
the change in the microphysical distribution with the radiation field. The more advanced models
also include a carefully designed surface flux exchange model. The strengths and deficiencies
of the approaches have been discussed and recommendations for design of a proper radiative
parameterization have been listed.
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APPENDIX

A. 1.0 Introduction

This appendix is a summary of various models used to predict the onset, maintenance and in
some cases the dissipation of radiation fogs. The order of the summaries is more or less in a
chronological order with some exceptions made for the sake of coherency. In each summary the
main focus is the treatment of the radiation exchange. Some detail is also given concerning the
physical processes related to radiation exchange; for example, the modeling of droplet growth
and droplet fall rate may receive some attention. The earlier models have received more
attention to the supporting dynamic structure and the later entries have mentioned these processes
only if they are significantly different from their predecessor. The original notation has been
retained so that the reader may easily refer to the complete document if desired. Some papers
are merely mentioned if they did not introduce new aspects of the radiative treatment even if they
utilize sophisticated methods that had been previously introduced. This was normally the case
if the main focus of the paper was some other aspect of the fog development process.

A.2.0 Cloud Topped Mixed Layer Models

The first group of models studied is more aptly included in the grouping of models of clouds
which at times propagate to the ground and are thus basically interpreted as ground fog. Several
papers are found in the literature with two distinct levels of detail in the treatment of radiative
exchange.

A.2.1 Lilly (1968) and Schubert (1977)

The first group was spawned from a study by Lilly (1968), and include Schubert (1976), Steiner
and Schubert (1977), and Schubert et al. Parts I and 11 (1979). For the present purposes only
the first two in this list need be given consideration. These models were constructed in order
to explain the large areas of marine stratocumulus clouds that typically form in the descending
branch of the Hadley circulation near the west coasts of major land masses. Although they are
cloud models per se., the role of infrared radiation is a major one, thus their inclusion in this
study.

The contribution of radiation to this model's behavior is concentrated at the top of the mixed
layer based on independent calculations of the jump in net radiation AF.. The calculation of AF,
is not coupled to the state variables in the model, but is merely an estimate of typical radiation
conditions at the top of a marine stratus cloud. Schubert (1976) extends the model to a time
dependent calculation in which the net radiation jump is given by

AFR - 90.00-69.77 max{0.202 ÷ 0.779cos(224
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where t, is the time of day measured in hours from local noon. The first term is the net upward
longwave flux, while the second term is the solar radiation absorbed by the cloud. The two
terms are based on analysis of the BOMEX radiation budget measurements Cox (1973), for
typical moisture and temperature profiles, but conditions decoupled from the thermodynamics
of the cloud model. The flux values were derived from a budget analysis of measurements that
were tuned with calculations in which multiple scattering is included only via a diffussivity
factor. Even though the calculation of radiation is not directly coupled to the model, radiative
effects are striking. In fact, it is the vigorous emission of radiation from cloud top which
provides the instability needed to drive the turbulence in the mixed layer and maintain the cloud
against the dry subsiding air aloft.

The radiative flux enters the model through an application of the budget equations for the moist
static energy (h) and the total water mixing ratio (q+l) to an infinitesimally thin layer at the
cloud top. The moist static energy h = cT + gz +Lq, where T is temperature, z is height, q
is the water vapor mixing ratio and c,, g and L are the constants for specific heat, gravity and
the latent heat of water respectively, and I is the mixing ratio for liquid water. The result is that
the jump in the radiative flux AF, relates to the jump in moist static energy by

-I(1B WB)A (hB - AFR1

where p, and w, are the pressure and pressure velocity at the top of the mixed layer and F, is the
flux of moist static energy.

The radiative jump AFR is directly related to the value of the moist static energy in the mixed
layer and to the thickness of the layer.

A.2.2 Oliver, Lewellen and Williamson (1977)

The next model studied brings more physical detail to bear on the subject of fog/cloud dynamics.
The model as described in Oliver, Lewellen, and Williamson (1977) studies the interaction
between turbulent and radiative transport in the development of fog and low-level stratus.
Although this model occurs early in the collection which has been examined, the modeling of
the transports by turbulence is significantly different in that it is a second order closure model.
This entails a budget equation for second order correlations in contrast to the "K theory"
parameterizations used almost without exception in the other studies. A prognostic equation is
included in the model for each of the second order correlations.
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77 (Reynolds stresses)
U10 (heat flux)
7F (moisture flux)

O7 (temperature-humidi ty
H correlations/ variances)

where u',, 0',, and H' represent perturbations in component velocity, virtual potential

temperature and mixing ratio respectively.

The radiative energy enters the model through a mean thermodynamic balance equation,

-' -V (u' .O'v) + xeS + IC lw
'IDt x- - 'j9

where S is the source term for radiative energy, r is the adiabatic lapse rate, w is the vertical
velocity and r, and r, coefficients generated from the vapor saturation function whose definition
is not important in the present discussion. Radiative influence would also enter the scheme
through the budget equations for the second order correlations listed above via terms involving
correlations of the form

S'u7, 70r,~ and FFH.

These fluctuations arise from variation in the radiation absorption coefficient due to changes in
C, the liquid mixing ratio. The authors argue that to include such terms would necessitate a
modification of the coefficients of turbulent decay terms in the equations for the second order
correlations listed above, and that the required separate coefficients for molecular diffusion and
radiative diffusion have not been empirically established. Thus, introducing radiation into the
budgets for the second order correlations would require a theory or measurements not yet
established. Presumnably second order effects are not totally suppressed however since the
radiative abosrption coefficients are influenced by, the value of total mixing ratio H and
perturbation components for the total water mixing ratio are solved for in the second order
correlation equations.

The physics of radiative transfer are approximated using a spectrally averaged two stream model;
i.e. the radiation intensities are represented by frequency and angular averaged values F* and F
for the respective upwelling and downwelling streams. The streams are separated into broadband
solar and infrared values. The governing equations for these intensities were taken from Goody
(1964) and are given as

F÷(z) - [FF(z.) - O(z(o) I(zo,Z) + O(z) - dzl
a54
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and

F-(z) [F-(h) a- (h) IT(h,z) ) f (z' z)az)
h

where ar(z) and 7(Zz) represent the source function at z and the transmittance between levels z0

and z, and the top and bottom of the layer are at h and z4 respectively. The radiative heat flux

for either the solar or infrared field is given as q"ad - F' - F-, and the total heat flux is

the sum of the direct heat flux and the infrared heat flux. The source term for solar radiation
is set to zero as scattering and emission are omitted in the solar and scattering is omitted in the
infrared.

For solar radiation the transmission function includes the effects of absorption by water vapor

and CO. Transmission by liquid water is modeled as r ',iq( z,, z 2 ) - exp (-a 'm) ,

where m is the liquid water path expressed in units of grams per square centimeter and c' is the
absorption coefficient for direct solar radiation by water droplets. Values of a' tabulated by
Feigel'son (1964) are integrated over the solar spectrum to produce an average value of the
coefficient of 16 cm2 / gm.

For the infrared portion of the spectrum the source function a is set to the integrated Planck
function. At the boundaries F" (z.) is set to the surface Planck function and at the top of the layer
F -(h) is given by the downward flux emitted by the upper atmosphere. The transmission
function for water vapor and carbon dioxide are again taken from Feigel'son (1970), with the
liquid water contribution included as a factor in the transmission given by

STiq - exp (-a Tm ) . In this equation a is the averaged liquid w ater absorption coefficient

which does depend strongly on the droplet size, ranging from 200-1700 cm2 / gm for drop sizes
ranging from 4.5 to 7.0 fm. In the model the variation of aT with drop size is maintained. It
is implied that droplets are considered to be monodispersed in the media; however, it is not clear
if drop size is a function of the liquid water content or if the drop size is constant, which
obviously would fix the value of at as well. Alternately the droplet density could be fixed and
the mean size allowed to change with f. The authors state that a mean size distribution for fog
and stratus is 6.0 pm which corresponds to a value of 600 cm' / gm.

The authors state that one of the most significant aspects of their study relating to radiative
energy is the ability of the model to incorporate the effects of the dramatic differences between
the absorption coefficients for solar and terrestrial radiation. For example, if we consider a fog
with an average liquid water content of 0.2 g / kg, the mean free path for solar radiation is 2,700
m while that for infrared radiation is only 83 m when each is averaged over its respective
portion of the spectrum. Thus, while infrared exchange is confined to a region near cloud top
(if the fog interior is nearly isothermal compared to the free atmosphere above), solar radiation
is absorbed much deeper in the fog interior and its heating turbulently mixed to much greater
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depths. As a result the fog can be evaporated from within rather than burned off at the top while

the infrared radiation maintains the cooling necessary for continued turbulence production.

A.3.0 Fog models

The preceding section considered models of a cloud capped boundary layer. The models are
important when considering the evolution of a fog scenario since they do include the condition
of a stratus extending to the ground. There are of course other mechanisms leading to ground
fogs; for example, fogs are categorized as advective or stemming from radiation conditions.
This section deals with the radiative treatment given to models which may be included in these
classes. The first model described has a relatively complete treatment of radiative exchange and
may set the standard for this aspect of the model procedure.

A.3.1 Zdunkowski, Welch and Cox's Radiation Fog Model

This model is perhaps one of the most complete from the standpoint of including most of the
relevant physical processes. For example, treatments of dew formation, droplet settling, effects
of aerosols and response to variation of the large scale geostrophic wind are included in addition
to energy and moisture exchange with the surface and the relatively thorough treatment of
radiative exchange. Although the treatment of turbulence is not as physically realistic as the
second order closure model discussed above, it utilizes eddy exchange coefficients which are
scaled using the Monin-Obukhov profile function as adjusted for stability. The framework is
presented for a more realistic handling of diffusion fluxes and phase fluxes; however, ultimately
the time rates of change of concentrations of water vapor and liquid water are determined
diagnostically, in much the same manner as simpler formulations. Also, diffusion fluxes for
water vapor, liquid water and aerosol are modeled in terms of excbange coefficients and it is not
clear if eddy exchange of aerosol is included in the model.

The description of the treatment of radiative energy is taken from the brief description given in
the paper on the fog model and from separate papers which detail the Practical Improved Flux
Method (section A.3.2) and a description of the general circulation version of the radiation model
(section A.3.3). The net radiative flux vector S enters the prognostic scheme in the equation for
temr,-rature;

P + +
CP. Dt it i ft

where, c,, is tie specific heat at constant pressure, ft - (2-) 9 = - where T is the
P0 O'

temperature, p the pressure, p the density, E the rate of energy dissipation, h, the partial specific
enthalpy, Y' the sensible heat flux vector, ' is the phase flux of species i (dry air, water vapor,
liquid water and dry aerosol for i = 0,1,2,3) and the overbar indicates a simple average. Also,
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in the above, the derivative is in flux form
D-_" "_2 +V.- (V-.),
5** at*

in which the symbol ^ implies a density weighted average and V is the velocity vector.

The net radiative flux is described as a vector S which includes the effects of absorption by water
vapor and carbon dioxide, droplets and aerosols, and multiple scattering by particles in the entire
solar spectrum using a scheme dubbed the Practical Improved Flux Method, which is outlined
separately in the next sub-section. Less the term vector be interpreted as having application in
three dimensional radiative transfer, it should be stated that there is no indication that this is
anything more than a two stream calculation, and the terminology undoubtedly stems from
division of the radiative stream into six components comprised of the direct solar radiation and
upward and downward diffuse streams, each of which are further separated into fluxes in the
clear and cloudy atmosphere. In the description of this model's application in a general
circulation model, the radiative flux is described as the diagonal of a matrix which of course may
also be interpreted as a vector. A separate section on the Practical Improved Flux Method and
the general circulation version of the radiative transfer model seem in order and will follow. At
any rate the method uses a delta function approach Joseph et al (1976) to approximate highly
anisotropic phase functions of aerosols and water droplets. Here again, the report is somewhat
unclear since flux methods do not use phase functions explicitly. Instead, the phase function is
used to calculate the fraction of scattered radiation contained in the forward peak and the
diffusivity factors which then scale the asymmetry parameter and the single scattering albedo.
In the atmospheric window absorption and emission by water vapor, droplets and aerosols is
accounted for in addition to multiple scattering by all particles. In the regions of the strong
absorption by water and carbon dioxide multiple scattering by droplets is ignored as is the
contribution by aerosols. In the window an emissivity approach is used which accounts for the
mutual overlap of gases and particles.

Spectral resolution consists of dividing the solar spectrum into four intervals which are each
characterized by constant particle attenuation coefficients. The tables in the next sections detail
the spectral resolution in the model. Transmissions by water vapor and carbon dioxide are
calculated by expanding each of the solar intervals into a series of five or six exponential terms
in which extinction and scattering coefficients of droplets and aerosols are utilized for calculating
the optical path length and single scattering albedo of each subinterval. Weighted asymmetry
parameters are calculated for the mixture of droplets and aerosols and the effects of Rayleigh
scattering. Notably, aerosol extinction parameters are adjusted for moisture effects in the entire
humidity range. Flux calculations are subsequently made for each subinterval, and the results
summed to obtain the net solar flux. The atmospheric window is treated as a single interval
where water vapor absorption is assumed to be independent of wavelength.

One of the strengths of the model is the use of a modified gamma drop size distribution whose
parameters are adjusted on the basis of the fog life cycle. Mie calculations (implying spherical
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particles) are performed a priori on droplet distributions measured during various phases of the
fog life cycle by Tampieri and Tomasi (1976), as a function of wavelength, to obtain the volume
absorption coefficients. Then, because droplet attenuation can be approximated as a function of
liquid water content, the entire set of attenuation coefficients is parameterized in the form
fi = aW", where fi is the attenuation coefficient, W the liquid water content and a and b are
coefficients of the fit. In the window region a value of a and b is tabulated for wavelengths of
8, 9, 10, 11 and 12 microns for both the extinction and absorption coefficients. In the solar

spectrum the fit for the entire region is given as (3, - (106.51 + 2.55 1) wJ0 .'0-0.01.),

where A is in microns and W, is in g/m'. In the solar region the value of fl. is highly variable

and is obtained by defining another coefficient k•, such that k. - P a / P .. Presumably ka is

less variable thanfia and is also tabulated as a set of curve fits with liquid water the parameter.

A.3.2 Practical Improved Flux Method (PIFM) by Zdunkowski et al. (1980)

The model described in section 3.1 uses a delta-flux method termed the Practical Improved Flux
Method or PIFM. The method is described in Zdunkowski et al (1980), wherein several flux
methods are compared. The PIFM fixes the manner in which the monochromatic radiative flux
is transported in a plane parallel medium once the optical properties of the atmosphere have been
dictated. The method does not specify the manner in which aerosols are introduced, the
formulation of water vapor or carbon dioxide transmissions, nor the nature of the spectral
quadratures or expansions. Of the flux methods presented, the PIFM is shown to yield the most
physically consistent results for the range of optical parameters considered. It is shown that the
flux models considered are all described by the following system:

dF1 _ 1F'1 - a92 F2  U3 -S

dF 2  S

dS (i a f) S

where S is the solar direct beam flux, ft, is the cosine of the solar zenith angle, and f is the
fraction of radiation contained in the diffraction peak. In this system the quantities ci, a,, at,
and a, are defined as follows:

a,- U, (1 - (1 - PO))

a 2 - U0Po2
a 3 - (1 - f 1(po)
a 4 - (1- f) tZ (I - (90)

58



where a is the single scattering albedo, flA is the fractional mean backscattering coefficient for
diffuse radiation, f8(p) is the mean backscattering coefficient for primary scattered parallel solar
radiation and U, and U2 are the reciprocals of the mean effective cosines of the zenith angles for
upward and downward radiation, respectively. The authors show that several flux methods have
a common solution, and that only the method of assigning values to f, flo, f(i(), U,, and U2
differentiate the methods. If the atmosphere is divided into i = I... N layers increasing in an
upward direction and if a layer is bounded by the levels (i, i+ 1), then the general solution for
layer i is given by

(s1  1 ( 0 0 i-
F2, i " a 2 , a4.i as.1  F2.i~

,F1.1, ,a 3,i asi a 4 ,i, 1  F1, 1

Boundary conditions are

sN-1 - oSoF2,N+i - 0

Fl.i - As(VO) S1 + AOF 2 ,'

where S, is the spectral solar constant. The coefficients in the above have the values

al,i - e
a 2 ,i -a 4 ,iy 2 ,i -a 5 ,i 1yal,i + Y2,ial,i
a 3 ,, - -as, 1 y2,. - a4,iflial,j + yi
a4,, - Ei (1 - Mi2 ) / (1 - Ei2Mi2 )
a.,. - Mi (1 - Ei 2) / (1 - Ei 2Mi 2 )

where

"- e- -, - 2  , i - - a 2
•li+ 2,1

(1 - Of) a 3, 1 - Po (4l,iOt3 ,i + a 2 ,iU4 , i )

(1 - rf) 2 - eC.2o0
Q( - f)a4,i -- 10 ((11, i O4,i + 0'2,ia3,)

Y2,i Q-f) 2 _ 2 IA02
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The methods compared are the flux method of Zdunkowski and Junk (1974), the flux method
of Kerschgens et al. (1978), the Eddington type methods, delta Eddington type methods, the
discrete ordinate method, a delta discrete ordinate method, the improved flux method and the
PIFM. As mentioned above the PIFM gives the physically most consistent results for the various
atmospheres considered, which include variations in optical thickness, solar zenith angle and
single particle scattering albedo. The PIFM is a simplification of the improved flux method for
which

1 N
13 (p 0) - d l.fd - p 1 ( . 1o 1 g ) 1~

where the expansion coefficients pT of the Legendre polynomials are obtained from the
requirement that the primary scattered light is reduced by the fraction f. The original phase
function is truncated at a cut-off angle 01 - cos-1 (-L The truncated phase function is

3
normalized and expanded into a series of Legendre polynomials yielding the coefficients p,', and
the cut off fraction is determined from

f - -I- P~cose - PT*(cos0)Idw,

where P(cos B) and Pr(cos 0) are the normal and truncated phase functions respectively. Note
that determination of fi(p) and f in this manner requires an expansion of the phase function
which is of course computationally demanding depending on the size distribution. The authors
state that these values may be adequately approximated as

3 - p,00" 8
f - (pl/3) 2

1 Lo Pi - 3f
2 4 1i f

U, - U2 - 2.

This determination is, of course, less demanding.

There is nothing in the PIFM which limits its application in any fog model if scattering is
included as a relevant process and if scattering parameters are calculated from Mie theory. As
noted previously however, the method does not specify the optical properties of the atmosphere
or the method of spectral averaging or integration which is required to consider all relevant
wavelength regimes.
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A.3.3 Radiation scheme for circulation and climate models by Zdunkowski et al. (If2)

This paper details a radiative transfer scheme which is referenced in the Zdunkowski " ,Id Welch
fog model. The paper is very detailed in its presentation of the relevant equations. It is
questionable if reproducing the level of detail is justified, but because of the lack of detail used
in most other descriptions of the radiative treatments, the radiation sub-model will be fuhy
described. Also there are a few aspects of the model as described in this subsection which are
obviously not relevant to the radiation fog scenario or have not been mentioned in the original
fog model description. These aspects will be noted.

Some of the description in this section is similar to that of the section above, which concentrates
on the aspects of the PIFM model that make it better suitw than other 2-stream me hods as a
solution to the monochromatic radiative transfer equation. T7his section explains how the method
is actually applied as in a general circulation or climate model. For example it details the way
in which the major spectral intervals are divided, the manner of calculating optical paths, which
atmospheric constituents are included in the calculation and how the transfer of infrared energy
is included.

Again the description begins with a statement of the basic differential flux equations from
monochromatic radiation; however the equations have been formally extended to include infrared
radiation. Letting F, and F2 stand for the upward and downward diffuse flux densities and S to
represent the direct beam solar flux on a horizontal surface, with 7- the optical depth, A, the
cosine of the solar zenith angle w the single particle scattering albedo, B is used to represent the
Planck function, & the backscattering coefficient for diffuse light, and fiO(') the backscattering
coefficient for primary scattered solar radiation, the following equations apply.

d F 1  _ - U - u g
dF2

_- - a1F2 + C4J

dS _-_(1 -Wf) S

where the symbols have the following definitions using (s) to denote the definition when applied
to solar radiation and (i) to denote their use for the infrared portion of the spectrum,

al - U -( ) (1 - B.)) (s,i)
a - UBo8 (s0i)
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3 ) o(0)8 (s)
Sa2 - U(I- (i)

(I - f)C6)(1 - B(jo)) (s)
4G 1a3  MI

J l (s)
J rB (i)

Um {.66 (i)

In theory when the model is applied in a general circulation or climate model the fluxes for both
cloudy and cloud free portions of the atmosphere above or below the layer in question are
maintained separately as they enter the layer. These fluxes are modified using the properties of
the layer including the fractional cloudiness and new fluxes emanating from cloudy and cloud
free portions of the layer are calculated. Even in these applications, it is noted by the authors
that since clouds are not truly black body radiators, using this partial cloudiness approach is
numerically time consuming since the grey body clouds overlap with the emission spectra of the
gases and a spectrally detailed emission must be retained a!though its detail is somewhat masked
by the clouds. It is numerically more efficient to treat clouds as black body radiators. Thus,
in the application to a general circulation model, atmospheric columns are treated as totally clear
or totally cloudy. Then, because using a vertical resolution of n independent layers allows 2"
possible column configurations, additional limits are placed on the layers in which clouds are
allowed. The practice is to limit the cloudiness to the typical high, middle and low cloud types
and thus the number of column calculations is limited to eight.

In the fog model there is no mention of merging fog and clear radiances. The model has not
been extended beyond the plane parallel approximation. Nevertheless, in what follows the
cloudy and clear notation will be carried through because the fog me lel does treat clear and
foggy atmospheres separately, and the formulation is different for each.

In order to express the solution in a compact form the authors define quantities they call black
body flux deficiencies. The superscripts c and f stand for cloudy and cloud free values and C
denotes the fractional cloud cover in a layer. The first subscript denotes upward (1) or
downward (2) values and the second subscript stands for the levels (i) which increase from the
surface up.
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The black body flux deficiencies are defined as

FC, - C ) rB, - F 1 , 1

Then the authors write the solution in the compact form

Sl I Q'• o I.
F' [aa a0;- a", I a -c b3 , • F,. + (1 b.,-F;.

F .*ci.,. , ,*c a *c a . b 41 -F ", + (1 b F
3,1 1, 4, ,1'{E1] a 0 I 0~

F;,1 a;' a 5, a I ( .1 - b.,,) F21* + b1 1 F;f1*

Flof a ~ a 1 a,* (1 - b..,) F~ + b.I F t*

with

QC b1 SO. + (1 - b1,,) St, s

i "C 17r (B, - B1*1 ) Mi)

S0(i - b, 1 )S S.. + b,.,S. (s)

"( C,)w(B, - B,.1 ) (i)

a.,- ,a - a2 ,a ()

a, - a4 ., , a, -a,, (si)

with

a,, - (1 - a4,1 + a,. 1 )/(a,1 1 + a2,i)Ar,,
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and if a6, - 0/0 ,then set a6 , - 1. The definitions of the remaining a,, are given in

the discussion of the PIFM method above.

The b,. coefficients relate to the cloud fraction of the layer and have the following definitions

b,,,- (1 - Max(C,,C,. 1)) / (1 - C,.)
b, - (1 -Max(C,C,.)) / (I 1 if 0 / 0
b2,. - (Min(C,,CjC)) / C (1-
b,, - (Min(C1 ,C-,_) ) / C1,1

The authors note that in applying the equations to the solar region of the spectrum the B terms
must be set to zero so that thermal emission from 3-6pim is not accounted for twice.

The authors give a physical interpretation for each of the a; ;however, these will not be

repeated here.

Next, it is important to note special cases which may occur in the system above. First, for the
case of conservative scattering, the following relations apply:

1
a 4 ,i 1

1 + l

as. i - x.
1 + al'i ATi

Second, if the process is completely absorptive,

() - 0
01.U

a 2 ,1 - a3,J - a 4,1 - 0

a2,1. - a3,, -a., -0

a 4 ,1  - e-{U&:j)

a, 1 e- e-U AT1
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Finally, if there is no attenuation,
A'xi - 0 1
a1 ,i - a4 ,i - a6 i - ia.

a 2 , 1 - a3 , 1 - a., - 0 .

The authors note that the physically relevant fluxes in the infrared must be obtained by going
back to the definition of the flux deficiencies. Then the relevant flux at any level i is obtained
from

F2,I - F2 .I + F2f.

F",i - F1 ., - (F2,4 + Si)

Next, the boundary conditions are stipulated. At the upper boundary i = N + 1,

SII
s - PoSo (s)

F2, X+ I- F 2 , X.÷1
F2,,.1  - F 2 ,,, 1 - 0)

and
F;,.", 1  - F2 ,.N -1

f1

F 2 ,,1 l - Bc,,÷ (i).

F2,,+I -0

The lower boundary conditions for level i = 1 are

F*C - -F1'± -As, (pit) S~c - AF 2':1I
F'. -- F1C1 - -A, (ipo) S1- - AF 2,j

where A, and e, are the surface albedo and emissivity respectively, and
F;. C- (1 - C,) [FI. + C17 (B - B)

fj* (i - C ) [f2• (1 - Cj) i (B - Bj)]()

F1 I - (1 - eg) F2': + C~ eglBg

Fl,1 - (1 - eg) F2f, + (1 - C1 ) eg'%Bg
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with

Fjj 1-C3. itBg - cI

F;*1f- ( Cj)it Dsg - F1 ,1

The equations above apply in a monochromatic sense to the entire solar and infrared regions;
however, the number of monochromatic calculations required to produce meaningful heating rates
would be enormously computationally expensive. The authors have thus decided on the
following methods of spectral integration. In the solar region and atmospheric window (8.75 -
12.25 ptm) a combination of the exponential fit method (EFM) and effective absorber amount
method (EAM) has been adopted by which scattering may be included. In the regions of high
emissivity by water vapor and carbon dioxide (3.5 - 8.75 ptm) and (12.25-100 ptm) a flux
emissivity method is used in which scattering is discounted as an important physical process.

The exponential fit method expresses the band transmission for a gas over a limited spectral
region as a sum of exponentials. If u. is the reduced absorber amount for gas m, then the
transmission for a limited band T..., is written as

L,

Tbad(Ul) - Ej am,.e-knj"
1-1

This requires the solution using the extended PIFM method to be performed L. times for each
band. Then the flux over the band is obtained by summing the weighted individual results using
the a., as weighting factors as in

S• 'S (k.,1)'
sif S f (kx,1)

F2, F2C(km)

71, 1 f~1  -FtX1 am'ffk'1)
FiC(kmj )'I, Fj ((k,. 1)

in which the summation applies to all elements of the flux vector.
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To further develop the spectral integration methodology the authors also introduce a solution flux
vector which would be calculated from the equations governing monochromatic radiation transfer
but which contain the influence of grey body absorption. This vector excludes the effects of
band absorbers.

0SC

F0 I tw

S0  F 2 0
.0

The authors introduce tie ahsnotion of a transmission matrix,

Dia an S -(ka., 1) ;S flk..,1) ;FO (k,, ) ;Ff (k. 1) Fic (k., 1) Fft (k,, 1)

Then the approximation of the exponential fit method may be written as

P1.Fo .XI-i 0

In some regions of the solar spectrum an even greater efficiency is achieved using what the
authors term the effective absorber amount method. This method is similar to an approximation
used by Musson-Genon (1987), discussed in section A.3.12 below. In this application the
authors express the effective absorber amount as a function of the absorption coefficient k., and

express an effective path for each element of the flux vector as

U i(k.) - Diag(u.C; u.; u2C; u2; ulf; u,) (k.)}.

And the values of the effective absorber vector may be approximated by taking the limiting value
of the above as k.--9O, or

'a I( o -5 (k.--0)
- iaA((U,' ; (U,2f ; (U2c) ; (U2') ; (Ul) ; (Ul))]

where the brackets < > indicate that each u is taken as k.--O. The limiting value of the
absorber path is given by

uj(k.-O) - -lim-P. 1 c' 7a , - Dia-(u)c;(•).;(u)C;(u)',(u)';(•:]
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That this definition produces optical paths can be demonstrated by performing the indicated
operations on a simple monochromatic Beer's law equation.

The fluxes approximated with the effective absorber amount require the definition of a
transmittance matrix,

Il!oi - Dia ag., 1[e( (-km (U k, ) ; exp k. ; exp (-km.,(u)2)

exp (-k;.,(u)2) exp (-km. l(u) ; exp (-k 3 ,1 (u)')]

After which the flux vector may be written as

,i ' - I . •

For the case where absorbers spectrally overlap a separate transmission matrix must be supplied
for each absorber. That is in the case of two gases m and n which absorb in the same spectral
interval; the flux vector may be computed from

The authors note that the above is always true for the case of a grey body absorber and a band
absorber and approximately true for two band absorbers.

The authors choose to treat the infrared emission by dividing the spectrum into three parts (3.5-
8.75 pum), (8.75-12.25 pm) and (12.25-100 pm). The window region is treated in a similar
manner as the solar region as described above. The other two parts of the infrared spectrum are
treated using a flux emissivity method which includes emission by water vapor, carbon dioxide
and grey body absorbers. Regions of spectral overlap are accounted for by pre-tabulating the
wave number integration of the overlap integrals so that the remaining integration can be carried
out in an expedient manner. The authors list for the origin of their flux emissivity method the
following sources: Elsasser and Culbertson (1960), Zdunkowski et al (1966) and Zdunkowski
and Breslin (1979). The method is represented by the following formulas:

F1 (u, w,m) - [nB(TG) -7tB(T(U) )]rf(M-m)+7B(T(B)M
T(U)

- f ¶ (p (T) -m) JR" (R¶ (T) -u, T) +AR* (-i (T) -u, (T) -W, 7)J dT
T(u)

T(U)
dTf(1-,r f(p(71(T-m) ) n -dTT(u) dT

-f (M-m) f [R" (U-u, T) +AR* (U-u, W-w, T) ] dT
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where the symbols are defined in the following table.

Integrated absorbing
mass measured from top H,0-Vapor CO) Grey Absorber
of atmosphere

Dummy variable __ _

Reference level u w m

Ground U W M

Top of Atmosphere Reference Level T., at ground T._

T, T(u)=T(w)=T(m) T(U)=T(W)=T(M) To

The quantities r" and AR" represent the water and water vapor-carbon dioxide overlap emissivities
weighted with the temperature derivative of the Planckian function instead of the Planck function
itself. The equations above are applicable to an atmosphere containing water vapor, carbon
dioxide and a grey body emitter. The authors note that the emissivity approach is a good
approximation due to the strong absorption by water vapor but would not be a good approach
in a cirrus cloud layer where scattering is likely to contribute in a relatively stronger fashion
when compared to the weaker water vapor absorption at high altitudes.

The equation for the upward diffuse infrared irradiance is written as

T(U)

F2 (u,w,m) - tB(Td) [i - 'rf(m)] + f (z(m- i(T)) [R (u - rl(T) T)
Tr

+ AR*(u - ¶1(7),w- E(7),T7]dT
T(u)

+ f [ (m - M (T) I w AEdT
T, d

T,

+ ?f(m) f[R*(uT) 7 AR (u,w,7)] dT
0
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The grey body transmission function is calculated from

T f(m) - 2E 3 (-f PAS(z') dz' I

where EM, is the exponential integral of the third order, fi. is the grey body absorption
coefficient and Zm is the height of the reference level.

The authors state that when used in a general circulation model partial cloudiness presents no
particular difficulties. This statement is presumably made with the assumption that the effects
of radiative transfer through finite clouds is treated only approximately by assuming a plane
parallel approximation for clouds in designated grid cells of the model, since the method does
not in fact include the effects of finite cloud geometry. In order to avoid making several
calculations of grey body transmittance the authors choose to treat clouds as black body radiators
and to limit the types of clouds to high, middle and low levels. In the one dimensional fog
modeling application partial cloudiness has no meaning since a layer is either foggy or fog free.

The authors describe the treatment of droplet distributions for stratus and cumulus type cloudiness
and describe the accuracy of the effective absorber amount method versus the exponential fit
method in the solar spectrum. The following two tables summarize the scattering and non-
scattering parts of the model.
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Spectral interval Attenuating material Treatment of Attenuation
in Lm in presence of emission

03 EFM-4 Terms
H20-Vapor Continuum
H20-Dimer E-Type

8.75-12.25 Aerosol Particles Absorption,Scattering
Droplets Absorption, Scattering

H20-Vapor
CO2  Emissivity Method

3.50-8.75 Aerosol Particles
12.25-100 Droplets

Authors' summary of model configuration in the infrared. EFM--4 implies the
Exponential Fit Method using 4 terms.

Spectral interval Attenuating material Treatment of Attenuation
in Im in presence of emission

H20-Vapor EFM - 5 Terms
03 EAM - 5 Terms

0.28-1.00 NO2  EFM - 5 Terms
Dry Air Scattering
Aerosol Particles Absorption,Scattering
Droplets Absorption,Scattering

H20-Vapor EFM - 7 Terms
Dry Air Scattering

1.00-1.53 Aerosol Particles Absorption,Scattering
Droplets Absorption,Scattering

H20-Vapor EFM - 6 Terms
CO2 EAM - 6 Terms

1.53-2.20 Dry Air Scattering
Aerosol Particles Absorption Scattering
Droplets Absorption Scattering

H20-Vapor EAM - 7 Terms
CO2  EAM - 6 Terms

2.20-6.00 Aerosol Particles Absorption Scattering
Droplets Absorption Scattering

Authors' summary of configuration of the model in the solar portion of the
spectrum. EFM represents the Exponential Fit Method and EAM the Effective
Absorber Method.
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A.3.4 The radiation fog model of Brown and Roach (1976)

The next model considered is a model of radiation fog, Brown and Roach (1976), which was
formulated in consideration of experimental results gathered at Cardington; see Roach et al
(1976). The model is formulated in one dimension in accordance with the interpretation of
experimental findings. The model is formulated without advective effects. Equations governing
the perturbation quantities are not presented although the authors note that the turbulent flux
components are included in the numerical integration. For example, the radiative influence is
included in the thermodynamic equation simply as

8T 1 aFN a aO +.
p~ C,

where T, p, 0 and z represent dry bulb temperature, density, potential temperature and height,
F,, is the net radiation, C the rate of condensation per mass of air, L is the latent heat of
vaporization, K, the exchange coefficient for heat, and c. the specific heat of air at constant
pressure. Also, the flux of sensible heat FR is modeled in the traditional manner in terms of the

exchange coefficient KR as, F, - p cKhaO / az. K& is modeled in terms of the Monin-

Obukhov length scale as Kh - KaIo/H(z/L), where K& is the adiabatic value (= Azu.),

where k is von Karman's constant and u. is the friction velocity. The authors choose a
formulation of •j(z/L) from Pruitt, Morgan and Lourence (1973):

*0(z/L) - 0.855 (1 + 34Ri) 0 . 4  0<Ri<0.3
4,(Z/L) - 0.855 (1 - 22Ri)-1'4 -3.5 Ri<0

The microphysics of condensation are not explicitly included in the numerical scheme. Rather,
at each time step and at each grid point the temperature and water vapor mixing ratio are
examined. If these imply supersaturation then condensation takes place until the air is just
saturated. Conversely, if liquid water is present at a relative humidity less than 100%,
evaporation takes place until saturation is reached or until all liquid is evaporated. The flux of
liquid water due to gravitational settling is parameterized in terms of the liquid water content as
v = 6.25w.

The radiative heating is calculated in a plane parallel setting with consideration of infrared
irradiances only. The radiative heating rate is calculated as

H(Z) - --- I{[B(O) - FG] at(z1o) F1 (z,) - B(z,)) a (z, z')pcP (z az
Z+ fat(z,z') 

aB(z') dz'}f z CIz
0
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where H(z) is the heating rate in "C/sec at height z, T(z,z') is the layer transmissivity between
levels z and z', B(z') the Planck function, F, the radiative flux incident from levels below the
limit of integration, z, the height to which the radiative integration is carried, 250 m, and F.(z,)
the radiative flux incident from levels above z,. The authors note that they ignore the first term
in the above equation with one exception (mentioned below in the approximate treatment to
include the effects of surface vegetation), and that the equation is evaluated separately inside and
outside the atmospheric window region. The transmissivity due to carbon dioxide and water
vapor are evaluated in two broad spectral regions, 4-8 jm and 13-50 pim using the random band
model of Goody (1952), and combined into a single transmissivity. Spectral data for water vapor
was taken from Cowling (1950) and for carbon dioxide from Howard, Burch and Williams
(1956). The atmospheric window is treated as being transparent in the presence of gases.

The transmittance due to water droplets is calculated according to

T f(z, z) - exp[-4(z,z')] where

0 (z' z') - ff l . 66 N(.r z") rr2La (r) dr dz"l.
zo

Above, Q(r) is the absorption efficiency for droplets of radius r, and the factor 1.66 is a
diffusivity factor to approximate the conversion from collimated to hemispheric radiation.
Scattering by water droplets and gases is ignored. The authors note that an approximation to

Q.(r) has been offered by Herman (1962), as Q, - Qx (1 - e-'a), where Q... and a

are empirical constants. The authors choose instead a form due to Herman (1962) which greatly
simplifies the radiation computations, Q. = fir, in which the value of fi is 0.12 jum' in the
atmospheric window and 0.18 pm' outside. This results in the familiar parameterization of
droplet transmissivity in terms of liquid water content w(z), the particular form here is

a(1n-r f(z, z')) /3z - a w(z) , whereaisaconstant.Thefollowingboundaryconditions

are applied at the surface-air interface: F. + F,+FL + Fs = 0;,"6T/& = Mel; T, = T; w
= 0 for z = 0 and t 0 0, where F represents a flux quantity and the subscripts H,N,L,S stand
for sensible heat, net radiation, latent heat and soil heat.
Also it is assumed that at the top of the model, held at 250 m the following conditions hold:

q = constant, w = 0
F1= 235 W " rotside 8-13 im z = 250 m
FI =30 W m inside windowJ t > 0

,= 5 "Cfor z = -im, tL 0
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It is evident that the downwelling fluxes have been fixed at the top of the model. Outside the
atmospheric window the value is based on calculations assuming a sky emission temperature of
4"C, which is 1 "C cooler than the initial temperature at 250 m. Outside the window the value
is based on calculations made using the data from a single sounding.

One note of interest is a rough attempt to use the model to estimate the role of vegetation on the
radiative aspects of fog formation. This exercise was conducted in order to attempt an
explanation for an observed decrease in surface temperature during a period immediately after
skies had cleared which was of greater magnitude than could be predicted by the model.
Basically, by introducing an additional layer above the ground and 3 cm thick with a smaller heat
capacity than the bare soil, and assuming the layer to radiate as a black body at a temperature
2 C below the soil temperature, the models cooling rate at a height of lm and subsequent fog
formation were brought more in line with observations. Although the method of accounting for
the radiative effects of surface vegetation are crude, the authors remark that the results indicate
surface vegetation may play a significant role on the timing of formation of radiation fog onset.

A.3.5 A numerical study of radiation fog by Brown (1980)

This study enhances the Brown and Roach (1976) model discussed above in two ways. First the
model includes a scheme which approximates the actual fog droplet spectrum as a function of
the fog life cycle. The model also couples the rate of growth of the droplets to the infrared
radiation field using Roach's (1976) version of the droplet growth equation. This equation
features an additional term which treats radiation budget of the droplet as an important influence
in determining its rate of growth. This approach represents an interesting enhancement of the
treatment of the coupling of the radiative, thermodynamic and water budgets when compared to
other models reviewed thus far.

The droplet growth equation is written as

art ( _ _alr + a 2m- - a3QR)(AI + foA2)

a3t 2 4-~aQR A

where

a1 - 2SM a 2 - 6.0510_Sm3 kg 1 , a 3 - LM 1)
PlRGT' kT- RGT

R- I(F1 + F0l - sT 4 , Q;- 1.18(1 - exp(-0.28r))
2

Al- LP( LM 1 A2- p•RGT
kT k RGT DMe. (T)

fo - +1 1 2 - D7
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In the equation above, a is the supersaturation, ro is the radius at the center of the io size bin
with condensation nucleus mass m,, S is the surface tension for pure water, k the molecular
weight of water vapor, p, the density of liquid water, &0 is the universal gas constant, T is the
air temperature, k is the thermal conductivity of air, L is the latent heat of vaporization, R is the
net radiation per unit area of drop for unit Q, the droplet absorption efficiency factor averaged
over wavelength, Ft and F4 are the upwelling and downwelling longwave fluxes at height z,
s is the Stephan-Boltzmann constant, D the diffusivity of water vapor in air, M the molecular
weight of water vapor, e,(T) the saturation vapor pressure at temperature T,,f is the condensation
coefficient, and D is the diffusivity of water vapor in air.

The droplet size distribution equation is written as

_!N! _ ___2 _2_ (K!)- NIJ 122 +
a t !-J az a3 aI A Ar_ at

N-1Jl a when ari• > 0
Ar_1  a t at

+ N.•jI ar••" J when r < 0

Ar1 +1 I at at

where Y - vT/ r 2  and vT is the droplet's terminal velocity defined by Stokes law. This

equation is introduced because it is not at all practical to try to integrate the droplet growth
equation for each droplet history. So the latter equation is used to predict the concentration of
droplets within a fixed radius interval. This type of treatment was introduced by Kovetz and

N•.. ari..
Olund (1969). The assumption is that during a time 7 a fraction ANij . ..-v_ 1.2.L of

Ari at

the drops in bin i grow into bin (i+ 1). The model uses 55 bins across the radius range from 0.3
to 20 jtm. The author notes that use of this form of prognostic equation for the droplet
distribution has some drawbacks. The major problem is the discrete nature of the formulation
which forces some fraction of droplets into the bins for larger drops at each time step even
though the continuous droplet growth equation may predict no drops in the larger bins after an
equal amount of time. Steps have been taken to control the "spreading" in the drop size
distribution which the method produces. Another problem is that the method does not conserve
liquid water (again because of the spreading) but deviations are small enough that value of
knowing the approximate droplet size distribution more than compensates.

The model does nothing to advance the treatment of turbulence beyond the previous offering
except to include a term for turbulent diffusion of droplets in the vertical for which an eddy
diffusion formulation is used.
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As far as the formalism for the treatment of radiation, little was changed from the previous paper
except that knowledge of the droplet spectrum now allows the flux version of the optical depth
to be evaluated for a changing microphysical distribution, rather than invoking a form of the
absorption efficiency which results in a parameterization in terms of liquid water. Thus, the
transmission due to droplets between the levels z and z' is again modeled as

¶d(ZZ') - exp[-4o(z,z')] ,where

Z 0,(z,z') - 16 frzI7rQ(~rz/
zO

Here, N(r,z) is the conccntrntion of droplets of radius r found at height z, Q_(r) is the absorptici
efficiency and the factor 1.66 is a diffusivity factor to approximate conversion from parallel to
hemispheric radiation. The data of Hermna 9 .2) are again used io compute the mean value
of Q, separately for regions inside and outside the atmospheric window as was done previously
However, wiereas it was previously necessary to further approximate Qa as proportional to r,
in o",Ier .3 obtain 4, as a function of the liquid water content, since N is predicted, the integral
may be evaluated. Scattering by droplets and gases is neglected. The author quotes Stephens
(1978) as an indication that scattering makes orly a 4% difference in the cooling rate at clouJ
top. Effects of solar radiation are neglected completely.

The model includes the effects of cloud condensation nuclei (CCN) by beginning with a
•pecified CCN concentra~on. Droplets are assumed to be activated when the radius of the
swelling nuclei reaches 0.3 pm. At that, )int the particle is classified as a droplet and
subsequently is subject to growth by condensation with ielease of latent heat, gravitational
settling ana turbulent diffusion. Before this critical radius the CCN do not participate in the
physical p- cesses.

One interesting benefit of approximating the droplet distribution is the ability to make a rough
approximation of the visual range. Even though scattering has not been included as an important
process in the radiative energy exchange of the fog layer, since the droplet distribution is

predicted the scarze'ing coefficient a., may be evaluated as a, - NIJ rij2 Q , where

Q, is the scattering efficiency factor appropriate to the ith radius bin. Thus, it is possible to
approximate the visual range as V = 3.0 / a,, utilizing values of tte scattering efficiency at the
wavelength of interest.

Severai interesting effects of the ra, ýtive-microphysical coupling are given and this report ,Aill
not attempt to summarize these 5,0lýigs because they must be explained in some detail to be
appreciated. Suffice it to say that pi, gnosis of the droplet distribution seems to be a significant
advancement to the modeling of the tg life cycle even in the app:oximate form offered in this
model.
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A.3.6 Formation and evolution of radiation fog and stratus fogs in the atmospheric
boundary layer, by Buykov and Khvorost'yanov (1977).

This model is in many respects similar to the previous offering by Brown (1980), in the sense
that it includes a prognostic equation for the droplet distribution and a droplet growth equation.
The formulations of the equations differ primarily in that the current offering couples the
dynamics of the boundary layer to the mean wind field and to the time rate of change of the
turbulent kinetic energy, whereas the previous model is decoupled in the sense that it relies solely
on a one-dimensional characterization of vertical transports by turbulence for fog formation and
evolution. The current model is in this sense more complete but some of its detail requires a
more thorough search of the Soviet literature since it relies on previous relations (perhaps
parameterizations) and conclusions to which the reader is referred. For example, after
introducing equations for the time rate of change of u, v and b, which represent the horizontal
components of the wind and the turbulent kinetic energy, the authors quote a finding in the
literature which allows the time derivatives to be neglected with respect to other terms in the
respective equations.
Continuing with the comparison it is noted that the droplet growth equation used here is

Maxwell's relation, -r - D p A/rpr, where D and A are the diffusion coefficient andd t

supersaturation of the water vapor, p and p. the density of water and air and P the correction
for the difference between the air and drop temperature. This contrasts to t..e droplet growth
equation in Brown (1980) which includes terms for radiative cooling, droplet surface tension and
condensation. Also, the current model neglects gravitational settling but includes e continuous
rather than discrete form of the droplet distribution function.

The formulation of radiation is similar in many respects to the two stream methods used
elsewhere. The divergence of the upward and downward streams is given as

dF_ (aIL + U11) (B x - FIA)
dz
dF- (L + av) (FI) - B%)

dz

where F,, t and f, 4 are the upwelling and downwelling fluxes at height z, and wavelength A,
a, and c,, are the volume absorption coefficients for liquid and vapor and Ji is a diffusivity
factor of 1.66. The droplet absorption coefficient is linked in the usual way to the droplet
distribution f(r~z,t),

a)L (r Z, t) - P.fdroa(r) f(rzz, t).
0
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where oa is the absorption cross section. Model results were generated with or, calculated from
Mie theory and also from an approximation due to Shifrin (1955),

oa(r) - rr 2 (I - RX) (I - exp(-8 Kn r/. )) ,

where Rol, is the single particle scattering albedo and K, the imaginary part of the index of
refraction. With this formulation the radiative heating rate is calculated as

(3t (tad) "--- d + v(F 11 + - B)

and the radiative heating couples with the thermodynamic balance through

aT'/at - (a/az) k (aT/az + ) - Le / c (arlaT) 8 d)

where y. is the dry adiabatic lapse rate, L is the latent heat of condensation, and k the turbulent
exchange coefficient. e, is related to the droplet distribution function as follows,

e - 4 7cdr, dr2f(r,z,t)c J dt"

The radiative heating is evaluated at 32 wavelengths between 5 and 35 lim winch the authors
admit only accounts for the trend in the spectral variation of water vapor absorption and is not
sufficient to account for the fine structure in the absorption coefficient.

Regarding the degree of spectral resolution as it affects the accuracy of the vapor absorption and
emission, the authors note that it would be preferable to use transmission functions which account
for the "mass" of vapor. This is apparently a reference to using a model in which the absorption
coefficient is adjusted for the effects of non-homogeneous path, since they quote a constant value
for ct,, of 0. 1 cm& gin'. However, they note that in the region of the atmospheric window,
which is chiefly responsible for the !ongwave energetic exchange, the absorption coefficient
depends only weakly on the mass of the vapor. Outside the window region the authors note that
the dependence of the absorption coefficient can be significant only in the subcloud layer and
since the dependence is not particularly strong, it has little effect on the energetics. The authors
present a comparison using their spectral approach and previously published transmission
functions which shows "fair" agreement and indicates that their spectral approximation is
sufficient without detailed accounting of the line structure.

A.3.7 A numerical study of the formation and the dissipation of radiation fogs by Ohta
and Tanaka (1986)

This model differs somewhat from others looked at so far mainly in its treatment of radiation
exchange. Although the model is different it is questionable if much is gained by the particular
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algorithm chosen. The radiation method is described below. As for the dynamic and
thermodynamic treatment, although very clearly presented, the model is similar in most respects
to others in this review. The model considers the mean flow above a certain level to be
geostrophic and casts the equations for the variation of the u and v components below this level
what is basically an horizontally homogeneous Ekman boundary layer. The model includes
turbulent flux budget equations for momentum, heat, water vapor and liquid water. Droplet
settling is included using a constant preset velocity for the falling droplets. The eddy diffusivity
coefficients are adjusted for stability using the Monin Obukhov length scale with nondimensional
shear functions for momentum and sensible heat. The flux of heat into the ground is included
as a contributing process down to a level of 80 cm where the local time rate of temperature
change is considered constant.

The simulation of daytime conditions is included in this model. In the clear atmosphere, either
before fog formation or after fog dissipation, the flux of solar radiation is affected by absorption
by water vapor and ozone and scattering by air molecules as well as surface reflection. The
value of the surface albedo used in the calculations is not presented. The spectral resolution is
basically at the level required for band models. Ozone absorption is calculated using a single
coefficient in the visible which was taken from The Handbook of Geophysics by Campen et al.
In the near infrared at 0.72 and 0.81 Asm, the transmission functions due to Fowle (1915) were
used and the transmission data from Howard, Burch and Williams (1955) were used for water
vapor at 0.94, 1.10, 1.38, 1.87, 2.70, and 3.40 Am. A matrix adding method Tanaka (1971)
was used to calculate scattering in the visible due to air molecules. The effects of scattering are
not included in the near infrared region covered by the band models. The authors indicate that
the absorption by CO2 is small and is not included in the calculation in the solar region. For
clear sky in the infrared region the spectral resolution is limited to division into three regions:
from 4.2-8.0 jm in which the 6.3 Am water vapor absorption is included, from 8.0 to 12.0 Am
for which a continuum calculation is made, and from 12.0-62.5 Am in which the pure rotation
band of water vapor and the 15.0 Am CO, band are included.

When fog is present the flux of radiation is calculated using a P, method described in Ohta and
Tanaka (1984), to solve the radiative transfer equation. This method is somewhat more detailed
than the two stream models used to treat the transfer of radiation in most other models reviewed.
The method assumes the specific radiation intensity 1.(r,#) at a frequency v and optical depth
T in the direction that makes an angle with the vertical whose cosine is A, and phase function
p(T;AIL') which may be expressed as a sum of Legendre polynomials P,(A) such that

1
P, (-C,; ,V) -_Gl., P, (IL) P,<(p/).

.1
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When the above is substituted into the equation of radiative transfer the results for near infrared
or solar radiation,

1 + 1 d-.T, v [i G- 1Ii.
21 + 3 dv 21 + 11

1 d~j-j'V 1 F11P0(}1)e-/°
21 - 1 d&V .Fv 1 e

where i-F. is the flux of solar radiation at the top of the atmosphere, and pe is the cosine of the
solar zenith angle. For the infrared portion of the spectrum the relation becomes

1 + I dIl÷zv [1 GIv]

21 + 3 drv [ 21 + 11

+ 1 d-Tl. -,v 0 [1 - Go, j Bv(T)21-IL dTV'

where, B.(T) is the Planck function at temperature T, and 6,., = 1 for 1=0 and 6,.o = 0 for 1 I

0. When these equations are solved for I = 0, 1, 2 and 3 and dI,,I,/dr v - 0, the result

has been termed the P3 approximation. In order to obtain a solution in closed form the
coefficients G and the Planck function B must be a function only of 7. In order to accomplish
this the Planck function is expanded as a third order polynomial in r. The absorption properties
of the gases are treated in the same manner as in the clear atmosphere. A gamma distribution
is used to describe the droplet distribution, but the distribution does not change with the fog life
cycle. Scattering by droplets is included in the radiative calculation. The scattering
characteristics are calculated from Mie theory.

Although the treatment of radiation by the P, method is more rigorous in that it is a higher
moment calculation as compared to the more standard two stream methods, its value in this
application is questionable. The two stream methods have been shown to be quite accurate in
most situations for the determination of fluxes. If radiances or specific intensities are required
for some application the P, method may be worthy of consideration. It would seem that if
additional computational effort is to be invested it is better expended in either more detailed
spectral information or in more realistic microphysical evolutions.

In addition, it would seem that only a small amount of additional effort would be required to
make the droplet fall speeds a function of their radii, but this is not done. Rather a constant fall
speed is adopted.

The strongest part of this model is its clearly defined treatment of the boundary layer, including
a detailed account of boundary and initial conditions and an explicit presentation of the spatial
and temporal grid used in the numerical calculations.
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A.3.8 Prediction of quasi-periodic oscillations in radiation fogs. Part I: Comparison of
simple similarity approaches by Welch, Ravichandran and Cox (1986)

This paper offers nothing additional in terms of modeling of radiative processes over the previous
entry by Welch et aL. Rather, it is both a comparison of some of the similarity approaches
offered by various authors and a detailed accounting of the life cycle of the radiation fog scenario
complete with comparison to observations. Following a thorough description of the modeling
equations, with optional forms of the turbulent exchange schemes, the paper discusses the quasi-
periodic oscillations in the height of the boundary/fog layer, including variations in liquid water
content, which have been noted in some field observations. Also, the model clearly indicates
that fog formation occurs during periods of active turbulent activity and not at a time of a lull
in the turbulent exchange as was indicated in the observations of Roach el al. (1976). The
authors identify five distinct periods of importance in the fog life cycle, which they classify as
the sundown stage, the conditioning stage, the mature stage, the sunrise stage, and the fog
dissipation stage.

A.3.9 Assessing the role of latent heat in the development of nighttime cooling fogs, by
L.P. Bykova (1986).

This effort presents a relatively brief accounting of the heat budget in a radiation fog. There is
little detail presented in the method of solving for the radiational heating/cooling, except to refer
to published transmission functions in the Soviet literature for longwave and shortwave transfer.
The model includes prognostic equations for the average energy of turbulent fluctuations, the rate
of dissipation of turbulent energy, a surface heat transport equation and air-ground interface
equation as well as including mean geostrophic wind components. Lacking in the model is any
dynamic accounting of the droplet size distribution, droplet growth or of dew deposition. These
equations are not required for radiative considerations in this model presentation since the
transmission functions are presented for clear and cloudy atmospheres and are thus preset with
regards to drop size distribution.

There is minimal descriptive information on the models formulation. It is similar to that used
by Buykov et aL(1977), with the exception of radiative and droplet growth equation included in
the latter. Almost no detail of the radiative formulation is given other than the mention of the
transmission functions. What makes this model noteworthy is the author's conclusion, based on
the model results, that radiative cooling plays a minor role in fog formation and in the
maintenance of the inversion at the top of the layer. Rather, the author presents model results
which indicate that the primary mechanism for the maintenance of the temperature inversion and
the growth of the fog is the turbulent evaporation of the droplets. The analysis separates the time
rate of evaporation into a local rate of change and a turbulent rate of change. Results indicate
that the rate of temperature change attributable to the divergence of radiation is only a small
fraction (usually less than 10%) of the cooling rate due to turbulent evaporation. This finding
is at odds with other interpretations; however, this study is the first to specifically separate out
the evaporation due to turbulent exchange. It may be that the treatment of radiative energy was
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inappropriate or not resolved on a vertical grid structure of sufficiently to indicate the actual
magnitude of the radiative contribution in various layers.

A.3. 10 A comparison of a numerical model of radiation fog with detailed observations
by Turton and Brown (1987)

This paper adds virtually nothing regarding the modeling aspects of radiation fog to the previous
entry by Brown (1980). Rather it offers a detailed comparison of various model predictions to
the observed counterparts. Of significance in these comparisons is the reaffirmation that fog
forms during a lull in the turbulent process which is again in conflict with the findings of at least
one other line of thought. For example, Welch et al (1986) indicate that fog forms during
periods of active turbulence. The authors attribute some of the disagreement between modeled
results and observations to the lack of topography in the model. They contend the turbulence
parameterizations are tuned to observations taken of flat surfaces and the presence of rolling hllIs,
shrubs and even distant buildings may violate assumptions about the turbulence.

A.3.11 The effects of radiative exchange on the growth by condensation of a population
of droplets by Guzzi (1980)

This paper summarizes a model of the growth of a population of droplets as in the case of a
radiation fog. It is not a fog model in the complete sense though since it simulates only the
growth of the drops due to condensation in a moist environment and has no mechanism for
turbulent exchanges or vertical transport of heat, momentum or water. The main emphasis is
to examine the effects of radiative exchange on droplet growth. The treatment of radiation is
limited to the infrared with scattering ignored. The upward and downward fluxes are given as

F?1 (z) - [FotA' - 7cT11(zo)] 12 E (z,,z)
z

0

and

FOIAA(z) - (F•UX - nBAA(Z.x) ] 2E•(Z,ZR)
+ =f w B-'-B 2E•3"X(z, z') dz' + T-B' (Z)"

+ fi-.--...E + '
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where Fto and F 4.. are the boundary conditions for the fluxes; 2E,(z,z ') is twice the GOLD
function of the third order and represents the diffuse transmission function between two different
levels z and z'; dB/dz = (dB/dT)(dT/dz) is the derivative of the Planck function with respect to
height in terms of its derivative with respect to temperature and the lapse rate. The superscript
4A represents a three-point weighted average in the spectral interval A A. The treatment of the
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water vapor and carbon dioxide emission is reportedly similar to that of Rogers and Walshaw
(1966). The water vapor continuum in the window is divided into five spectral intervals and an
approximation to the absorption coefficient due to Bignell (1979) is used in which

KO.) - K, (1) -P- + K, (1) -e,
P, Ps

where K, and K. are the foreign and self-broadening coefficients respectively, and p, p, and e are
respectively the total, standard and partial pressure of water vapor. A contribution from ozone
is estimated using Lowtran 3B as described in Selby et al. (1976). A surface emissivity of 0.98
is assumed in the calculations. The contribution due to the droplet population is calculated as

9/2 [ /

(z, Z( ) - fe -fXK( 4 Pgi + al )dzsec6]BinfcosOdB

where K,, is the absorption coefficient in the range A A, and p,, is the density of the gases. The

volume absorption coefficient is calculated in the standard manner by

a!- fn r) % r2511(r, ;, m) dr,

where n(r) is the droplet distribution, m is the complex index of refraction, A the wavelength and
Q the absorption efficiency factor from Mie theory.

The most interesting result from this work is the role of infrared radiation in preferentially

enhancing the growth of larger droplets through the droplet growth equation

De __e _ [1 _ LrR ]bexp(a/r)}

dr . RV-TP e. RVKTrdt L 2 Dp 8
1 + L R- 8 bexp(a/r)

KRVT 3

where D is the water vapor diffusivity in air, e and e, the partial and saturation pressure of water
vapor, R, the specific gas constant of water vapor, L the latent heat of vaporization, p, the
solution density, r the droplet radius, K the coefficient of heat conduction in air, and T the
ambient temperature. In the above R is the radiative heat exchange per unit surface as defined
by Roach (1976), and is defined as

R-QA(r)[I (FT + 1.015FO - oT'1
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where Q, is a mean longwave absorption efficiency factor defined as

, (FT" + Fl"') f Q(r,A,m) dX

A(Ft"' + Fl" 1) &;L
.1

The remaining factors in the growth equation are given by

a- 2 2
P SRVT

b- m
m + i eM.p dro

m - M6 {(r 3 
- X3 (1 - e)] - ep 3r}),

where a is the surface tension of pure water, c is the solubility or fraction of soluble matter, M.
is the molecular weight of water, M, is the molecular weight of the solute, p, is the density of
dry nuclei, r. is the radius of the aerosol and i is the VAN'T HOFF factor.

One of the aspects of the presentation of the treatment of radiative effects which has not been
totally explained is the amount of spectral resolution used in the calculation of the absorption
coefficients for gases. While it is stated that the symbol A A represents a three-point average over
the spectral interval, it is not clear exactly what spectral interval was chosen and thus to what
extent the entire spectrum is represented. Of course any suitable average over the emissive
spectrum could be substituted in applying the model.

The results of this study, although incomplete from the standpoint of offering results in a real
radiation fog scenario, point to the role of radiative cooling of the droplets in preferentially
enhancing the growth of larger droplets. In the model experiments presented total water is
conserved. If the model is started with sufficient water vapor the growth of medium and larger
droplets is accelerated because of the radiative term in the droplet growth equation. If the initij!
humidity is decreased somewhat only the largest drops are affected. This is an interesting result
although not necessarily obtained in nature since additional water may be exchanged in the
volume by turbulent mixing or evaporation from the surface. Nevertheless, this is the type of
droplet growth equation that could be introduced into a radiation fog model to track the growth
of the population, thereby allowing more detailed computations of visibility or acquisition ranges.

A.3.12 Numerical simulation of a fog event with a one-dimensional boundary layer
model by Luc Musson-Genon (1987)

This model of fog is a I -D turbulent calculation of the boundary layer evolution which takes into
account radiative effects, transport of heat and water by turbulence and gravitational settling of
droplets. The model is meant to be used in conjunction with a larger scale boundary layer model
that predicts temperature, wind and moisture on a larger scale and is intended as an operational
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forecasting tool. As such the parameterizations used for the different processes are not
necessarily the most sophisticated according to the author; however, they seem to be on a level
comparable to the other models examined in this study. There are some limitations that are
related to the treatment of radiative exchange. For example, the flux of liquid water due to
droplet settling is parameterized in terms of the mean droplet fall speed which is in turn
expressed as a function of the liquid water content. This treatment of the fall speed was adopted
by other modelers, for example in the evolution of the Welch, Zdunkowski and Cox effort. The
other approach is to use the Stokes terminal velocity as was done in Brown (1980) and others,
apparently as a function of droplet radius. Thus, the current treatment does not seem inadequate
at least in a relative sense. One aspect unique to the model is a statistical treatment of saturation
which is termed a sub-grid scale treatment. It allows a layer to be saturated in some grid areas
and unsaturated in others according to a preset distribution function.

The treatment of longwave radiative exchange is similar to that described in Sasamori (1968),

where the heating rate in the infrared denoted by R-iR is given as

-d IR, 'T P cp az

where the vertical flux divergence is given by

-" ( - eo)F(0) - "B(Z') a-(0 z') dz 8A(oz)
aZ9B Z' j .3Z

+ faA(z, z) -B dz' + f aA(zz') dz'
az z zI az'0 z

i)A(z.-) B(zt)
az

where E, is the ground emissivity, B(z) is the Planck black body function at a temperature T(z)
at altitude z, zt the altitude above which the atmosphere is assumed to be isothermal, A(z,z ') is
the total absorptivity between levels z and z' and is given by

A(z,z') - 1 - (1 - Agas(,z)) TN2o.

The symbol A, represents absorptivity of water vapor, carbon dioxide or the water dimer in the
window region, while the factor T,,o represents the transmission by liquid water. The absorption
due to gases is computed from band models. Two different models are used for the water vapor
rotation and vibration transitions. These are give in Sasamori (1968) and Shaffer and Long
(1975). The carbon dioxide model is taken from Sasamori (1968) and the dimer absorption
from Veyre (1980). The transmissivity due to liquid water takes the simple form
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T. o - exp (-Ka UHo),

where the extinction coefficient is given a constant value of 120m2 gm-. The author takes the
position invoked in some of the other simpler schemes for the treatment of the infrared radiation,
namely that the transmission due to liquid water does not depend strongly on the microphysical
droplet distribution. Also neglected in this treatment is the effect of scattering by the droplets.
Using the same level of approximation the downward infrared flux is given by

zt

F1(O) -f B'z') ( A(Oc'z) dz' - B(zt) [A(0,zt) - A(0 oo)]az'

The contribution to the radiative exchange in the solar portion of the spectrum is derived from
a model by Fouquart and Bonnel (1980). There is only a short (one paragraph) description of
how the model is applied to the radiation fog scenario but it is indicated that the effects of
Rayleigh scattering, ozone absorption in the near ultraviolet and in the vsible, absorptions by
carbon dioxide, water vapor and cloud droplets are accounted for. A mean value of 5/um is used
for the droplet radius indicating the absence of a detailed microphysical model. Although the
notion of cloud fraction is included in the boundary layer model it is discarded in the radiative
computations because, according to the author, "fog or low clouds will be stratiform."

The solar model of Fouquart and Bonnel (1980) was reviewed separately. The model is one
intended to be used in a general circulation model. The model utilizes the modified exponential
kernel approximation to solve a conservative scattering process and then applies a predetermined
photon path distribution to implement absorptions by ozone, carbon dioxide and water vapor.
The exponential kernel method divides the problem into spectral intervals such that mean
transmission functions may be written for each in the form

4 N

4rA(u) - --- fexp(-4 u)dv aiexp(-kiu).AV A
Av 1 -13

The scattering problem is solved for each extinction coefficient k, and the individual results are
recombined as

N

FA aF. (ki)"
i" i
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in which F is the flux density. The method of solution to the scattering problem utilizes a "delta
phase function" to avoid complications attributable to the strong forward peak. In this aspect the
solution is similar to the delta-Eddington approximation and is likely to be of the same order of
accuracy as the PIFM discussed in Zdunkowski et al. (1980) mentioned above. The details of
the exponential kernel may be found in Wang (1972) or Brogniez (1975) and are only outlined
in the discussion of the parameterization of solar heating. The algorithm takes an interesting
approach to the problem of specifying absorber amounts, based on an approximation that the
monochromatic intensity 1. may be represented in terms of the conservative intensity I1 according
to

I P (; Po, - P, ( 4; P, O , 400)o4) fc(I, ;I.L',; oL"o40 ) e'k,k1 / d),
0

where p(A,';t, -•;Ao, -) is the probability distribution that a photon contributing to the
conservative intensity and traveling in a direction specified by the cosine of the zenith f, and
azimuth angle 4, has traversed an optical path between A and dA, for a scattering medium of
optical thickness T, and cosine of the solar zenith p, and azimuth angle po, The distribution of
photon paths is derived a priori from Monte Carlo calculations or from numerical methods using
the inverse Laplace transform, Fouquart (1974). In the parameterization this approach is

simplified and the absorber amount is obtained from u - -in (F/FO) 1k. In this way

the optical path u may be obtained from conservative scattering calculations of F and then the
scattering medium may be immersed in an atmosphere of variable gaseous composition.

The parameterization when used in a general circulation model uses precalculated layer
reflectivities and transmissivities for high, middle or low level clouds. It is presumed that
constants for these quantities are set in a single layer for the fog model application; however, the
microphysics apparently have not been adjusted until a later paper; see the entry for Vehil and
Bonnel (1987). The parameterization also makes a first order approximation for the effects of
broken cloudiness. This is accomplished by assuming the radiation field beneath a cloud is
isotropic, thus only the clear fraction areas beneath cloud base are illuminated with radiation at
the solar zenith angle. In the application to the fog model this aspect of the parameterization is
not invoked.

In its development as a parameterization for heating due to solar radiation in a general circulation
model this approach has been carefully implemented and has been favorably compared to other
parameterizations (Lacis and Hansen (1974) and even to more exact solutions of the radiative
transfer equation such as the solution by spherical harmonics, for example. What is not evident
however, is the applicability to the radiation fog scenario. The possible shortcomings of such
an application have been identified, and due to the lack of detail in the explanation of its
implementation, the virtues of the solar heating algorithm in this application can not be further
identified. There appears to be no capability to account for the effects of a changing droplet
distribution even through parameterization in terms of liquid water content. This is probably due
to the fact that the general circulation model for which this parameterization was designed does
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not currently predict liquid water content. Also, the parameterization is evaluated more on the
basis of its performance throughout the entire atmospheric column and not specifically within a
cloud or fog layer. The degree of spectral resolution is also somewhat obscure. In the general
circulation model it appears that the clouds have a layer reflectivity and transmissivity evaluated
at a single conservative wavelength after which the absorptivities due to the gases are calculated
with an approximation divided into two terms, one for strong absorption and one for weak
absorption.

A.3.13 A one-dimensional numerical study to simulate the influence of soil moisture,
polilution and vertical exchange on the evolution of a radiation fog by Forkel, Panhans,
Welch and Zdunkowski (1984)

This article details the treatment of the soil moisture and energy budget model that is used in the
Welch-Zdunkowski model; see related sections 3.1, 3.2 and 3.3. The article details the
formalism of the Welch-Zdunkowski model and outlines the radiative treatment which has
already been described above. The main emphasis of the article is the treatment of the soil layer
and results of model simulation for dry and moist soil conditions and high and low pollution
conditions. There is nothing additional to note regarding the treatment of radiation.

A.3.14 Fog Modeling with a new treatment of the chemical equilibrium condition by
Forkel et al. (1987)

This paper describes a twodimensional model of radiation fog for application in the mesoscale-y
range (2.5-25 km). The paper introduces a new way to calculate the liquid water content
diagnostically from the chemical equilibrium requirement between vapor and droplets. The
method is attributed to Sievers (1984) and is equivalent to the saturation adjustment proposed by
McDoqald (1963) but is stated to be more appropriate at the boundaries of the fog regions. The
radiative energy exchange is computed according to the model of Zdunkowski et al. (1982),
described above. There is nothing additional in the description of the method which impacts the
accounting for the radiational exchange.

A.3.15 The diurnal cycle of the marine stratocumulus layer. A higher-order model study
by Bougeault (1981).

This paper presents a detailed accounting of the modeling of the turbulent fluxes in the marine
boundary layer using a higher order closure. Many of the fluxes are third order correlations;
however, the radiative cooling is introduccd as a constant in the model. Thus, in a sense there
is no radiative model at all.
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A.3.16 A radiative fog model with a detailed treatment of the interaction between
radiative transfer and fog microphysics, by Bott, Sievers and Zdunkowski (1990).

This paper presents the results of numerical experiments using a one-dimensional fog model with
a detailed treatment of the interaction between radiative transfer and fog microphysics. In many
ways the model is a more up to date version of the model by Brown (1980), described above in
that it includes a prognostic equation for the growth of droplets and also includes a radiative term
in the droplet growth equation. The model improves on the earlier offerings by the Zdunkowski
group by including the more detailed interaction. Thus, the model includes the more fully
developed surface heat and moisture sub-model; see Forkel et al (1984), mentioned above and
uses the radiation scheme of Zdunkowski et al (1982) described at length above. There are
refinements to the model that affect the radiation scheme and these will be described.

First, a prognostic equation for the joint distribution of aerosol nuclei and water droplets is
introduced as

af(a,r) - a (kh af(a,r)
at azh az 1

- -- (w f(a,r)) - (f (a,)

where k. and k, are the exchange coefficients for momentum and heat, a and r are the radius of
the aerosol component and the total radius of the droplet, and w, is the terminal velocity of the
droplet due to gravitational settling. The solutica of this equation replaces the a priori
specification of droplet size as a function of fog life cycle as used in earlier versions of the
model.

Second, the calculation of the scattering and absorption coefficients include the effects of the
aerosol's contribution to the index of refraction. The index of refraction of a nucleus containing

water sphere is given by n(r., rz, 1) - iK(z.,rz,,,), where

n(ra. J XW,) - nw(X) + [n,(f ) , - n, (X)I a(r.,rbr)

K(_rar rl ) - ).(Ialw, ) 2  + 2) K w

nw(X) 2 + 2

n, (12 "+ 2A),)2 + 2 )

"he quantity a (ra, rw) - Ira/ (ra+rw) I I is the volume mixing ratio of the aerosol

particle of radius r. in the droplet of radius r., for which the index a denotes dry aerosol and
w pure water. The authors relate that Mie calculations were performed for 11 values of a
ranging from zero (pure water) and with decreasing increments towards one (pure aerosol). This
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yielded a concentration of the available data at the higher relative humidities. The mean values
of the radiation quantities were obtained for two infrared regions (one of them pertaining to the
atmospheric window) and four solar spectral regions. The extinction and absorption efficiency
factors Q,,(ro,r) and Q6,,(ra,rj and asymmetry parameter g,(r 4,rj) were tabulated for 440
combinations of (ro,rj). In total, an extensive series of 1,20W,000 Mie calculations were
performed. The time dependent absorption coefficient may be obtained from

- fff(arz t)0,s,,(a,r)7Cr 2 dadr.
0 0

The value of the efficiency factor for absorption Q.6,(a,r) is obtained from linear interpolation
of the tabulated values. A similar process is carried out for the extinction coefficient and the
asymmetry parameter.

Third, the droplet growth equation includes the effects of the radiation budget, as prescribed by
Dai ,es (1985). This equation has the added benefit that the time constant of the temperature
excess has been calculated to be much smaller than the time step of the numerical model so that
the steady state solution may be used. The droplet growth is entered as

r-dr "I [ (1 S Fd(a,r) - m. (a,r) CwdT/dtZdlt -• C2 1-4•

where

P c2C1 - P L÷ D$rl
D,,S, P

C2 _ kTRL RT -

Here, Fo(ar) is the net radiation flux at the droplet's surface. The quantity k denotes the
thermal conductivity of moist air and D', the diffusivity of water vapor where both terms have
been modified for gas kinetic effects following Pruppacher and Klett (1980). S. is the ratio of
the actual water vapor pressure e. of the ambient air and its saturation value e.., and S, is given
by Kohler's equation:

S- e.

Sr -e e A _
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The values of A and B describe the curvature and solution effects, respectively were taken from
Pruppacher and Klett (1980). The net radiative flux at the droplet's surface is given by

Fd (a~r 2 trýQbis.Ia ){f fL (1, , 40sinOad4d
0 .

+S(XOo,io) -4B( t .)jdx.

The term L(A, B, V) is the spectral diffuse radiance incident at the droplet's surface, S(2, 80, 4d
is the radiant flux density of the sun, and B(A) is the thermal emission of the droplet.
Subdivision of the spectrum into the four solar and two infrared bands as in the description of
the radiation code of Zdunkowski et al.(1982) above in section 3.3 and integration over azimuth
yields

6

Fd(ar) - 'EFdi(a'r)

with

Fdi(ar) - 7r"2 f ,a,.r) 2 7L (,X,) sinOdO

+ S(1,00)Id .1 - 1, ... 4

and

Fdi(aZ) _ - rZ fQb(I a,(Za'r)[2 7fL(;L')

x sinedO - 4B()I)]dl i - 5,6

If the integrations of the absorption efficiencies are replaced by the mean values for the spectral
interval one obtains

Fdja, r) - 1,r 2 Q ,it2 fLi(O) sinO d + Si(0o) i - 1, .. ,4
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and

Fd i (a,:r) - Nr2QJ(,r2 EL e)si dO- 4B 1  i - 5,6

in which the following have been defined:

L() - fL(,e) dL - 1, ... ,6
Ak1

s1(eO) - fS(I, 0o)d A i - 1 4
AAk1

Al

Several of the equations above involve the integral over zenith angle of the diffuse spectral
radiance L(A,O); however, since the radiation model is a two stream solution the functional
dependence of the radiance on zenith is not known. Instead, the upward and downward directed
flux densities are formulated according to the following:

X/2

E' - 2i7 f Li(e) cosesinedO
0

Ei - 2it fL,(e) cosesinedO

Then, since in the original Eddingtion approximation (Shettle and Weinman 1970)

Li(O) - L1.0 + cosOL 1. 1  ,

a substitution into the formulation for the flux densities yields

Li, 0  
E ___+_E.
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Use of these relations allows the radiation incident on the droplet to be written as

Fd.i(a,r) - 7cr 2 Q .(a,r) [2 (E* + E) + S1 ]

for i = 1,-.. 4 and

Fd,.i - ir 2 OQ,. (a, r) [2 (E' + E,) - 4Bi]

for i = 5,6.

The authors note that substitution of the above into the droplet growth equations shows
analytically that the radiation term is a linear function of the absorption cross section of the
droplets. Thus, with increasing radius the effect of the radiation term becomes more and more
important. The paper continues with examples demonstrating the importance of the interaction
between the radiative effect on the growth of the droplets and the gravitational settling of the
droplets. The net effect is to cause oscillations in the liquid water content of the fog as the fog
alternately grows large droplets and then looses them to gravitational settling. An interesting
consequence is after each oscillation the supersaturation required to grow large droplets increases
since after each oscillation more of the large aerosols have been scavenged out of the fog and
the remaining smaller aerosols require t- higher supersaturation for activation. The model is also
able to study the evolution of the microphysical droplet distribution and the variations in the
liquid water content as they are influenced by the radiational effects on droplet growth.

A.3.17 Properties of aerosols on the life cycle of radiation fogs, by Bott (1991)

This paper presents a detailed study of the effects of ft-ce different aerosols on the life cycle of
a radiation fog. The effort is actually a continuation of the Bott et a/.(1990) study discussed in
section 3.16 in that it uses the same radiation model and droplet growth submodel. The major
differences are the use of a different scheme for the transfer of heat and moisture in the surface
so that the effects of different soils and vegetation may be eventually investigated. The author
has chosen the soil model described in McCumber and Pielke (1981) and Pielke (1984). The
paper concentrates on the effects of the different aerosols (urban, rural and oceanic) on the
development of the fog properties and explains differences in fog life cycle evolution in terms
of the different radiative properties resulting from the various aerosol nuclei. The model uses
40 aerosol size bins for each of 30 water size bins resulting in 1200 possible combinations of
radii. Thus, 40 droplet growth equations must be solved for each model iteration. When
combined with the possible variation of volume fraction (a = a' / r'), where a is the aerosol
radius and r is the total droplet radius, and the variation over wavelength, the 1,200,000 total
of Mie calculations is arrived at. The model uses the same droplet growth equation as used in
Bott et al.(1990), but uses the level 2.5 turbulent model of Mellor and Yamada (1974, 1982),
in order to calculate the eddy coefficients for heat and momentum transfer k. and k,. The paper
proceeds with an excellent depiction of the behavior of the absorption and scattering efficiencies
of the different aerosols and examines the behavior of a radiation fog evolving in the presence
of the three aerosols. Notable among the examples is the rapid onset of fog with the urban
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aerosol and the inability of the incoming solar radiation to "burn off" the fog. The article also
does a good job of depicting differences in the droplet concentration spectrum, the liquid water
spectrum and the aerosol mass spectrum as a function of fog evolution and aerosol type. There
is nothing additional presented regarding the treatment or effects of radiation beyond the previous
entry by Bott et al.(1990).

A.3. 18 Radiation fog: A comparison of model simulations with detailed observations
by Duynkerke (1991)

This paper describes the comparison of a radiation fog model with observations of the same in
August of 1988 in the Netherlands. The model is one-dimensional with the familiar
parameterization of the turbulent fluxes in terms of the turbulent diffusion coefficients which are
calculated using the local gradient Richardson number and scaling in terms of the local Monin-
Obukhov length. The mode! considers gravitational settling of the droplets for which the flux
is written as

w~~q5/ -1~YN 2 /3 ,wt q, " - 106 q,/ NoZ/

where N, is the number of droplets per unit volume, q, is the liquid water content and in which
it is assumed that the terminal velocity of a drop of radius r, w, can be written as wT= w9,
where we has the value 1.27 X 10 ' m's-. The model also includes a soil-vegetation model
which specifies the vegetation temperature and soil temperature based on the emissivity of the
vegetation and the net radiation at the surface.

The radiation model is described in Duynkerke and Driedonks (1988). Basically, a grey-body
flux emissivity model is used in the infrared in which the downward and upward flux densities
are given by

SfB(T(z') )e(z,z') dz',
az'

and
0

FT - fB(T(z')) & ((z'zI) dz' + B(TB) [1 - e(z,O)]az'

in which B is the Planck function, E(z,z') is the emissivity for the corrected mass of absorber
u(z,z') corresponding to the vertical path from z to z', and T, is the surface temperature. In
order to handle the spectral overlap of emitters the transmissivity is written as

(I - e) e (-v) (I - eC2) (U - ec)4
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where v represents water vapor and c stands for droplets. The authors use a revised scheme for
water vapor absorber attributable to Welch and Zdunkowski (1976), for which

ev +ev ý ye),

where

U -

in which C = 330 X 10' ppm at all levels and u is in atm-cm. For droplets or clouds, the
authors state they use a method due to Stephens (1978), but then do not completely state the
formulation which is basically a parameterization in terms of liquid water path.

The shortwave radiative fluxes are calculated using the SUNRAY model described by Fouquart
and Bonnel (1980), discussed in section 3.12 above; however the authors indicate that they utilize
a delta-Eddington approximation instead of the exponential kernel method for the solution of the
monochromatic problem. As described above the model includes the effects of Rayleigh
scattering, of absorption by water vapor ozone and carbon dioxide, and the scattering and
absorption by water droplets. The optical thickness is parameterized using the

relation T - 3 w/2 re , where r, is the equivalent radius of the droplet distribution which

is set to 10 im in the model and W is the liquid water path. The single particle scattering albedo
is given by

WO - 0.9989 - 4x1O-3 exp(-0.15r),

where 7, is the optical thickness of the whole cloud layer.

The use of the SUNRAY model for a fog layer is questioned again as it was in its use in the fog
model by Luc-Musson described in section 3.12 above, because it was derived for use in a
general circulation model and has ostensibly been tuned to produce the best results for an entire
tropospheric column and not necessarily a particular cloud layer. This shortfall is apparently
addressed in a paper by Vehil et al. (1988), which discusses a new parameterization for the
asymmetry factor and single particle scattering albedo and is meant to allow the monospectral
model of Fouquart and Bonnel (1980) to be used in a fog layer.
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A.3.19 Computing solar heating in a fog layer: a new parameterization, by Vehil and
Bonnel (1988)

This paper presents a revision of the Fouquart and Bonnel (1980) model specifically for
application to fog layers. As mentioned in the discussion of the Musson-Genon model in section
3.12, in which the Fouquart and Bonnel model was used for the solar radiative transfer, the
model was tailcred for use in a general circulation model and not necessarily applicable to a fog
layer. This paper presents a comparison of the original Fouquart and Bonnel model with a more
accurate exponential kernel method and reveals large errors in both the transmitted and absorbed
solar energy. The errors are attributed to the tuning of the original model atmospheric columns
containing clouds, and points especially to the values of the asymmetry parameter and the single
particle scattering albedo as the cause of the discrepancies. New values of these parameters are
derived using the optical depth and effective radius as parameters in the fit. The new values are
shown to provide much better estimates of the absorbed and transmitted flux densities.

A.3.20 Study of the radiative effects (long-wave and short-wave) withiL t ',lg layer,
Vehil et al. (1989)

This paper presents results of modeled and measured radiation quantities from a fog event. It
is not a description of a radiation fog model, rather it presents a comparison of the measured and
modeled infrared fluxes at the surface and infrared and visible optical thicknesses inferred from
surface flux measurements. The study utilizes an infrared integration divided into 232 spectral
intervals to evaluate the expressions for the upward and downward fluxes

FT(Z) - it{)I t(O) tA (O,z,I) + JBA(z') dt (z, zII) dl
0

F (z) - n f fB,(z')dt, (z ,dz/,)X
0 0

where Il•,(O) is the upward monochromatic radiative intensity at ground level, B,(z') is the
monochromatic Planck function for a temperature at altitude z', r = 1.66 is the diffusivity factor
and t,(z,z',r) is the spectral transmissivity across the layer. The model uses gaseous
transmittance values from Goody (1952), Golubitski and Moskalenko (1968) and Moskalenko
(1969). The transmittance of water droplets is evaluated using a constant absorption coefficient
and only in the atmospheric window (7-13 um). The model uses the liquid water content to

estimate an optical thickness 6 (z, z') - k'LWC-AZ, where k is taken as a constant at 149.5

kg-' m, according to Herman (1962). Then the simple expoacntial transmission calculation is

made as t (z, z', r) - exp 8-6 (z'z)] . This model does not take scattering into account

in the infrared.

The shortwave fluxes are calculated using the modified model of Fouquart and Bonnel as
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described in section 3.19 to calculate the fluxes arriving at the surface and the absorption of
shortwave radiation within the layer. There is no additional modeling reported in this paper.
There is no discussion of the dynamics of the fog development. The paper continues on to
discuss a comparison of flux values measured during a fog event and compares measured and
modeled flux values using no knowledge of the fog microphysics in the process. The radiation
resulLs are afterward used to infer the optical thickness of the layer without any experimental
verification.

A.3.21 A numerical study of radiation fog over the Changjiang River by Qian and Lei
(1990)

This paper presents a case study of radiation fog over the Changjiang River. The model is one
dimensional with parameterized turbulence and considers only the effects of longwave radiation
in a form attributed to Zdunkowski and Nielson (1969). The paper presents a single equation
for the calculation of longwave fluxes but gives no information about spectral resolution,
accounting for cloud microphysics etc.

A.3.22 Numerical simulations with a three-dimensional cloud model: Lateral boundary
condition experiments and multicellular severe storm simulations, by Clark (1979)

This paper describes a cloud dynamics model used to simulate the evolution of cloud cells as in
building storm cloud systems. No radiation model is described.

A.3.23 Mathematical modeling of acid deposition due to radiation fog, by Pandis and
Seinfeld (1989)

This model is primarily a chemical model incorporating chemical rate equations into a radiation
fog model. The fog model uses the radiation submodel of Zdunkowski et al. (1982), with no
apparent modification for the modified solution properties introduced by the presence of the acid.
In order to properly account for this effect the Mie calculations for the droplets would require
recalculation using an index of refraction modified according to the acid solution. There is no
indication that this has been done in the model.
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